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DECLARATION OF HENRI A. DE BRUYN 



I, Henri A. de Bruyn, declare and state as follows: 

1 . I am a co-inventor of the above-identified application and I have complete 
knowledge of all aspects of tiie invention. 

2. I have been the chief executive of companies researching this field for 
twelve years. In this time I have directed research programs to investigate numerous 
phenomena of a chemical or engineering nature. I completed a Bachelor of Commerce 
degree and received a Master of Business Administration (MBA) degree from the 
University of Pretoria in 1967. I have been working with binder compositions for more 
than fifteen years, and have written 263 technical bulletins as publications thereon. To 
further illustrate my expertise in the field, for the convenience of the United States Patent 
and Trademaric OflTice ("USPTO"), I have attached herewith a copy of my Curriculum 
Vitae as Exhibit A. 
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3 . I have been requested by counsel to review the Official Action dated My 
30, 2009 (''Office Action"), and in particular, to comment upon the distinction between 
humic acid and fiilvic acid, and the reasons why Mvic acid provides an advantage over 
humic acid as a component of the claimed binder (or matrix) composition. 

4. Fulvic acid is that fraction of humic substance (i.e., humins) that is water- 
soluble (at nearly all pH conditions) and remains in solution after removal of humic acid 
by acidification. In particular, fiilvic acid is highly water-soluble in acidic, neutral, or 
alkaline conditions, whereas humic acids are water-insoluble in acidic or neutral 
conditions and water-soluble only in alkaline conditions* For support of these con(^ts, 
reference is made to the reference Michael E. Essington, Soil and Water Chemistry: An 
Inteerative Approach . Chapter 4.4 "Humic Substances" (pp. 155-181), CRC Press LLC, 
Boca Raton, FL (c) 2004 (ISBN: 0-84934258-2), as attached herein as Exhibit B. 
Therein, the differences between humic and fiilvic acids is explained in detail. 

5. Since the binder is often utilized under acidic conditions, fiilvic acids 
provide the advantage of being completely soluble under these conditions. Some of the 
advantages of the higher solubility of fiilvic acids are discussed below. 

6. A particular advantage of the greater water solubility of fiilvic acid is that, 
during mixing of the fiilvic acids with other components of a matrix material, the greater 
water solubility permits the fiilvic acid to disperse throughout the matrix material in a 
hi^ly uniform manner so as to provide an even and consistent strength throughout the 
matrix material In contrast, humic substances other than fiilvic acids (e.g., humic acids 
and humins) tend to form suspensions during mixing with the components of the matrix 
material These suspensions quickly destabilize to form precipitates of the humic 
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substances, and this can cause problems during storage and dispensing operations. 
Furthermore, the precipitation of humic substances during mixing in acidic conditions 
results in a matrix material with a much less even and consistent strength. 

7. Humic acids are complex with various structures called pseudo structures. 
Reference is made to the paper P. McCarthy, et al., 'The Principles of Humic 
Substances," Soil Science, vol. 166, no. U, pp. 738-751 (2001), attached herein as 
Exhibit C. These moieties are coupled by weak bridges but are easily solvated 
(surrounded by water), thereby making the material hydrophilic. This is an unwanted 
property. 

8. The structure of humic acids can be visualized as a sphere with a 
hydrophilic exterior and a hydrophobic interior. In acidic conditions, humic substances 
tend to contract due to their flexible nature. Contraction is an unwanted property in 
building and construction mat^ials (e.g., road mataials) as it produces small voids that 
allow the ingress of water, and this softens the material, reduces the compacted strength 
of the material, and predisposes the material to cracking. In contrast, fiilvic acid has 
hydrophobic characteristics (i.e., by a predominance of aliphatic groups), which makes 
Mvic acid more resistant to infiltration by water, thereby helping to keep water out of the 
material and maintaining integrity of the material. Furthermore, due to the smaller size of 
the fuivic acid molecule, any contraction of fiilvic acid molecules is significantly less 
than for the larger humic acid molecules. 

9. Fuivic acid molecules are also structurally labile and contain an abundance 
of polar and ionizable fimctional moieties, which accounts for their solubility in both 
acidic and alkaline solutions. These concepts find support in Exhibit B. The abundance 
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of functional moieties also advantageously enables fulvic acid to form bonds with the 
polymer as well as with the molecules of the soil or other material the binder is 
stabilizing. The bonding provided by fulvic acid imparts greater strength to the material 
(and thus, a more durable material), whereas humic acid, which is less functionalized, 
engages in fewer and weaker bonds, thereby imparting less strength to the material, 

i 0- Furthermore, the high concentration of carboxyl groups in Mvic acids 
provide the additional advantage of functioning as a source of hydrogen ions that are 
continually released into the matrix material during processing. The released hydrogen 
ions help polymerize the binder, thereby increasing the crosslinking and strength of the 
matrix material. This characteristic of fulvic acids is so pronounced that polymerization 
of the binder can be effected solely by the fulvic acid, even if no other acid is added. In 
contrast, humic acid possesses a significantly lower concentration of carboxyl groups, 
and thus, humic acid does not exhibit similar beneficial effects when added into a matrix 
material* 

1 1 . Fulvic acids also have significantly smaller molecular weights compared 
to other humic substances, such as humic acid, Humic acids display a continuum of 
molecular masses ranging from approximately 1000 Da (Daltons) to 500,000 Da, with a 
mean of about 5O,(K30 Da, More typically, fulvic acids have a limited range of molecular 
mass varying from around 300 to 2,000 Da, with a mean of about 960 Da. Reference is 
made to Essington (Exhibit B), and also to R. S. Cameron et al, "Molecular Weight and 
Shape of Humic Acid from Sedimentation and Diffusion Measurements on Fractionated 
Extracts," Journal of Soil Science vol. 23, no. 4, pp. 394-408, (1972), attached herein as 
Exhibit D, The smaller size of fulvic acid molecules allow these molecules to more 
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effectively spread when combined with water into the soil, where the fulvic acids can 
combine with other humic substances and the binder components, to form larger 
macromolecules during setting. The formation of larger macromolecules results in an 
improved crosslinking of polymer chains and substrate. The improved crossUnking 
results in an increased binder strength and water resistance as compared to matrix 
materials tiiat use humic substances other than fulvic acid. 

1 2. Fulvic acids are also significantly more effective crosslinking substances 
(i.e., by weight) than other humic substances. Therefore, minute quantities of fulvic acid 
can be mixed with the other components of the matrix material to achieve strength 
improvements significantly greater than an equivalent amount of humic substances not 
containing fulvic acids. Furthermore, by the superior ability of fulvic acids to impart 
structural integrity and other improved characteristics to a matrix material, use of fijlvio 
acids expands the range of usable soils by including those soils that would otherwise not 
be usable, even with the addition of humic acids, because of their poor physical 
characteristics. 

1 3. Furthermore, synthetic forms of fulvic acid can be manufactured by more 
straightforward and facile methods than the manufacture of humic acids. Fulvic acid can 
be manufactured by the oxidation of readily available plant sugars and the addition of 
some naturally occurring enzymes. Formation of a synthetic fulvic acid can be 
accomplished within a few weeks. In contrast, the formation of humic acid usually takes 
place in the fermentation process of a variety of plant material over a period of many 
months or yeais. To accelerate this process, the fermenting conditions are controlled by 
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processes that significantly increase capital and running costs. Accordingly, Mvic add is 
not only advantageous by its superior properties, but also more commercially feasible. 

1 4. In further support of the above assertions, I herein submit a graph, as 
shown below, which evidences an improvement in the incorporation of fulvic acids, in 
place of humic acids, in a matrix material of the invention. The graph illustrates a 
significant increase in strength (40% to 100%) of the binder / soil matrix (average dosage 
2.5%) when ftilvic acid is added. A relatively pure form of fulvic acid was used in this 
test. The binder (3% of soil weight) containing 27% Urea, 70% UFC and 3% (EB3) 
modified citric acid (of 1 .5% of soil weight) together with an equal (1 .5%) amount of 
anionic bitumen emulsion was mixed into enough water to attain optimum moisture 
content into a ferricrete soil. The mixture was then compacted and dried at 50**C for 48 
hours in an oven with a fan. The EB3 citric add was replaced with fulvic add (EB7) in 
1%, 2%, 3% and 4% dosages in the next four samples (similarly prepared and dried). 
The unconfmed compressive strength (UCS) was determined after 80 minutes of soaking 
under water (equivalent to four hours of soaking for larger samples). The deflection (in 

mm) was then measured. 

15. The attached graph shows the correlation between applied kPa stress and 
deflection. The 1% fulvic add sample (compared to 3% dtric Add with no fulvic add) 
reached 3.5 mm deflection at 500 kPa compared to < 3mm and 300 kPa unconfmed 
compressive strength when the samples failed under the load. Similarly, the 2% fulvic 
acid sample was able to handle > 4 mm deflection and failed at 480kPa, which is 
significantly stronger than the sample with no fijlvic acid. It is noteworthy that the 3% 
and 4% fulvic add samples were also much stronger than the sample with no fulvic acid. 
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Significantly, the 4% Mvic acid sample was 100% stronger than the sample wiHi no 
fulvic acid at 600kPa. 



16. Reference is also made to Figure 9 of the application as filed, and page 40, 
lines 13-16 of the application as filed. These portions of Ihe application also show the 
improvement in strength when liulvic acid is added to soil containing organics. 

17 , I further declare that ail statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true and 
further that these statements were made with the knowledge tiiat willftil &lse statements 
and the like so made are punishable by fine or imprisonment or both under Section 1001 
of Title 18 of liie United States Code and ftat such willful Mse statements may 
jeopardize the validity of the application or any patent issued thereon. 
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EXHIBIT A 



CV Summary of Henri Arnold de Bruyn, inventor of the UF resin binder described in US 
Patent Application No. 10/501,356. 

1 . Academic background: 

- Completed B.Comm and MBA at Pretoria University (1960's) 

- Studied several years for Doctorate (DBA) (not completed as study fields became 
too wide for one thesis) 

2 . Has written (some conf identia I): 

- 263 Technical Bulletins related to soil binder and its application 

- Roads Design Manual 

- Roads Construction Manual 

- Logistics Manual 

(Not published in scientific journals). 

3. Has interviewed several hundred engineers, mostly civil but also chemical and 
other and worked intensively for 15 years in soil stabilization field, 

4. Has worked closely with Dr, Gerhard Overbeek (doctor of Chemistry) and Frans de 
Bruyn (B,Sc, Pr Ing. MBA) in R&D of the binder. 

5. Has conducted / caused / analysed more than 3 000 laboratory tests done with the 
binder and variations and various formulations, ratios, soils compaction ratio, 
moisture contents etc. 

6. Has tested dozens of variations of field applications in divergent circumstances. 

7. Has managed or perfomned executive functions in various companies since 1 961 . 



EXHIBIT B 
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Soil atd Water CiiOT^try^ An ^niegraliv^ ^>proa<:h 



lu§lm concmmtxom of o?syg£ji coBtiuiiijjg, fEuctioi^isl groups, $mU m tiie carboxyl groyp 
(1^- COOHJ, md 10 ih& hi#ier coneensi'iuJom of carbohydrates ii> the fislvtc mM. TOtmals. The 
bigba^ concesmuioBs of oxy^^B-bearing moieties m iko Mvic .ad<3s ij? abo expecxei! mil related 
to their t^pei^atlonal detoitioji^ A relatively lairge iiximtw of ^i^pkllc groups reqirh-ed to iMiniiJtijii 
Ml Vic add iwlufeUity when tte kvitkJlj alialiee soil extraei Jiiddilkd (Figure 4.21). Anoete 
dM.Rg^]ikliing cliai^ti^istic of ite ftUvfc aad biiimc ac5* Is tlie H/C iuote I'ado, Ilje relative 
mag^3itiid& of the H/C mole ratio k to indicate the degree of afon^kicfty aad unsamratto?? of 
emboli cfmin^i. RelaiiveLy smisll H/C mote la^m suggessi tet the hmm sotetrmm have a high 
ihp'^^ of Mmmdiy; v^kereas, laiger varies. ln<^icige a great-er ^midasace of aliphaiSic stmawms. 
typic^aiy, HC tn&b mfm for the Mvk iicids f^se gft^UKsr to ihos& of the taiitiic 5idds, mdicjiiiEig 
that ^M Mvic acids have gmm aHpMdc cb^m^ct^t tfian ti^e hisimc acMs <or fte Mwk a^ict$ 
have greater atonisdc dmraca^ tea the Mvlc acid-$i), 

Hi,c!2 Slid MacCaiiiiy (1991) siin''<3y<id Itie- dej^eraail coiitot?^<rffeimift$, humicadds^imdfuivic 
Kcids extoc:j««l fmm soil, fre^yhwcitftr, mmm, p^at sourcK.s: f rx)m aimind tfte world {Table 4.3). 
One of the more intsresrjftg aspects of tie data cornpOed by thicjse n2vse^srclte.rs is die dku:sbution 
of the a>ncemi'adon xmh .tacio dam ivboiit ijielr rtfjipectiive mean values. M iflustras^sd k liiHe 
43, the ob$«rved niiiges of «ftem«nial ccmjpositton data to Jh«f htimic subs4^jic«^ m'e qaiia 
bro«d. r% exfimpk, tl^ C extent of <me h«mic ^cid sample ccitttss^ii-Kj^l 372 g C kg*"\ wbile atnorhet 
conlaiiied 7S8 g C kg^K Simll^ly, ih^^ UMo acidA con^akied from 351 754 g C kg'', and 
Immim from 483 to 6].$ g C kg^^ This c^m be explaiftusd given ihat fec-^ hmilc substances m 
prodiKts of nawrcniis and wbbk eK^raction pocs5{ii«f«^ (bui b*i^*ed on die comttioni tiieme ^hown 
in Figure 4.21) perfonned by mBuy mffmeni mdmdimK and thai if)^. :i.sola^e?r a^i* derived fmm a 
vMkiy Df sources (s^o'iit, fvti^^kmmt, mmm, md pe^t) frm^, cMhxmi geographic^at locailDid^ Xiitd 
pai^o? materl;aS$ (v^^g^ts^tioii). li M'oijkl apfjear froDi. tlieae d^ita tMt llie diftercfit hwmic j^abstanw 
(tautxuc j^cids, fiilvk &ckts^ aaj3 liiftaias) \m cheimcally ciiv^iGise m nearly alK elmeatal r<s5ipects, aiad 
on average ch«s(iikafly tedi$fjii;g«ishable from om auoiiier, |j$c3i« tbdf deniefjUi] conccntfatioE 
r^^jges overlap ij.tetM«:d for carbon above). However, it mu^i be recogfsked tot feije d^la 
Vdiui^ m tbe j^d do mi mpj-e.sent tlio rei^pcelive popdatioos of fee tamic s^b^mces; 

tl^ey at'e the o^itllers. 

Figure 4.26 i.Uiisti'«Elj&s fc siormsi] aisl.i'!buiio.q. of M^ ekmmd contents forth^ humlM, Mimic 
adds, md futvic ncid^ qoiitputed mmg th^ m^tt imd mndur^ cbviatiQis dm rqporsecl by Rice 
and MacC«liy (1991). Abo ill^stmfed are iiie 95% cisttfideocei intervals of lk mean vatueV He 
x-itxis i^pfesenL^ the ekmeistal concentration (or mole ratio), and tbe y-axJs fepii*^«^0;ts the Eutnbtr 
of samptes (or fmiumcy of occ«fts«o&) teviitg eiementuS mnti&nt^ that i>re a paitlculai' oaaex^ntaaoti 
(line ctTives model ih& Imiogmms of r.h€ actual data). Immil a broad md diffim disrributioB 
*,isit might fixpecfed given itet data are obfamed from div«?fi?c^ sout^es by diverse .nsieafls, it- 
is ob$erv«d iks t *c eienieiUial co^l£^mi« of ih^ sshstaiK^ ar© iiomialf y distriMcd about m^m vate 
tfeal have fiilmivdy smMI staiKferd dcviation^j the le^xcepdoii of the S data). For example, fe. 
itmn. C coiitot of diiij hmm mhsmmo^ h 55 1 g kg^^^ witli a stsjkkrd devbstiom of SO g kg''^ Thus, 
6S% of Ihe 410 hemic add samples exumked have C conceotrattoiis k itm 50i to 601 gl^f^ rang© 

mtidmd devMoii); of the 410 samples have C conceulratioiis wiMn ihe 451 to 651 g kg"^ 

Hi5i5i,ic subsEiitic^s Site conipo-i^liiorjally uolqiJie I'dative to tlie em^i^'orimeBM cO!^ditioj^?j k which 
they form. However,, baised <m tlia smtisticiit evjtliaasicti of Ric& md Ifhc^mhy (199 1), mean 
cbsimcfil composiftoiis {concetstmtion^j ^ C> li 0. amf S) aisd &e mofe ratios (O/C ^uid H/C) 
humic acids m\6 hunitris ?>tatis>tically sm^ilai' (Eho 95% coolideriGC interval for tlic- in^c^n viili^es 
ov^rkp, as hx Figure 426). Tbe M\ic agidii dJffofcd torn. &e himtk midn with itsp^t^t to 
a^elr jB^aii C, K% ^itad 0 coiic^^ncraUpfis m6 OKj md H/C imic^. 0" wna^e, the Myk adds coaMb 
teas C than hwmk acids (462 ^ kg"' v.s. 551 ^ kg'^ more G f456 g kg vs. 356 g kg^^^X samd less 
N (25 g kg""^ v$. 35 g kg"'^) ('Mle 43). 0/C moic ratio of die fulvic adds; is Mso gfcater ti^Ji 
timt of ti^ hmmi acid$ (0J6 n^il moP vt, 030 mot mol" m rii^a conc^^ntialiom of C, a^d 
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TABLE 4.3 

Mean Eteimntat Content (m g kgf^) audi O/C md H/C Mole Ratio yMum <isi iiiol moi"^) 
of Hume Aci<fe, Fulvk Adcfc^, afirf Hirniin OWiaftaecl krnn a G^ogr^^hically Diverse Raiige 
«if 5o3^ Fr^shwater^ Marine^ m4 Peat Sountes^ 





C 


H 


0 


N 


S 












Humlc Atids 










551 1 5P 








IS ±16 


"JF iM-b w-w 


1 1^^:023 


















Soil 






360±37 






0,50 


1 i U 0 25 










(S.0-70.0)- 




(033-^0.97) 








4? ±^ 


404 ±SS 




19 ± 14 


0.^ ± i^M 


1 12 ±017 


















Mantle 




5S ± 14 


317 ±7g 


n ± 15 


31 ± 14 


^/i^ja' uikk IS^J 






















S7I t25 








4±t 




LCM$±dJ7 


{» 2S> 


































4§ ± 10 




25 ±16 




V- f til _3L 1 y 


* 0« 4- fit ^ 1 




051-- 754) 


(43^12) 




(45- Sl.^) 










453 1 54 






26 1 13 


B±U 


0.78 ^04^ 












(4.5^5^5.7) 






(0,77^2.0) 




467 ±43 


42±7 


459 1 5 a 


23 .til 


12 ± 9 


0j5±0.l4 


l.I0±0J3 




















450 ±40 






41. ± 23 






|J6±:0J3 














(055^107) 


(IJI-L73) 


















































561 ±26 


55 ± ti> 


34TtM 


37 ± 1%A 

























^ Wifhift ^aclt scipamie, the 4m m dlt«S3r ^igjssg^cid (as la she scmMis" row) <m $&pmi^ t^y ^i^lns t^i?e fedJ^ 

mrtgoi. H*.?w(^vie4 ihe vMucjs differ^ for ^5 in all categciirle? an^l: for K tJ^^gorics, For tfefr li^mlc the n values 

fer S sf^j; siU «d3Ujri2e,v ff I^CS; soil, w ^ 67? tehwatesit 13^, marimj, if? - 66; pm, n ^ 1% M m pcitt hTJJsalc iiclds., n 

PdiT tJifi felvic acids* vatlttes for S «!} *« 71; noil, n ^ A% Ireshwacer, n 14; mat^e, n «s 12: .fKsat* 

H. *» U... For iliSEJ faminsn « 24 t^>r 1^ data tt. s? 1 6 for S dala. 



% imd die O/C ratio of folyk ^^:ids ^ifeo diter from tiiose of lite hUBiius, with liie fulvic acids 
cofitaNng lejss C, more 0, \&s% hmmg a U§m O/C, Hmlly, soil Mvic adkb have lowcs" C 
coiiceDtetioBS ihm soil h«mic acid$ 033 g C kg^^ v.^, 554 g C kg\ lower N cosacentmtioris (26 
g N Ig'^ vs. 36 g N kg'"^), higher O coiiceutt-atioBS (462 g O vs. 360 1 O kg"^^), highist O/C 
mole ralios (0 J8 vs. 0^0)* aiad Mgher WC mde ratios (L35 Vis. 1 ,04) (Table 43). 





PlQUM: 4/26 mq^iersuv tHir^.^Aim^ UhisM mm^{ ^Mm^ if^^kmmml mmpm^m m tht 
T^to/fli^'^B^»ty^tm^sfs^ on ^ik$:' otlm-^^ b^H'^ (^H^mik i'iiib<w:m ^k^^iw^ 
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r^)^^,r i (.5^4 g kg ' 513 g kr') an<J (36 k^^'^ v^J 26' f M ' • — 
ids, ami. lower P68 g k^-^ w. g ' '' ' ' 
(Tabic 4,3). ^>m'«-^-^ii^t!&it:^Qfhm^^^s'-s^. 
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4.5, iHo^even & greater afciidaace. of akoholk-OH hmmA m^'m t6e:ftJv&:.a<Al% d^. 




msmm 



||0 Mi liSO 




m4 9Mt4^^Mm^3^W^M:^i^^p^m 



chs&^nkiiii mum: of the tkm ^q»iieJlJli1lteMt!at^l^;Fl^» tli^ th^'fellawi 





Iv 








rTTTTTTT 




W 



iJS^ItWt^rt I0:,<?w twf^i.USs aKWiic wwss iSf ^-t; Malta isx-qakafrai w^g in^l -^to-S^b 
Miii life. &3#Biy.orsitop«ss teiiTK «s mmwmt^<i ^mm.mmmum:M. 



i 



1 



|pfe«i0l^!t;aiaf sSasM vatoes .for {he injwic :-a0ids rdjjged,&o«. apfajiciimtely 2000. .m iMf^MMI Da. 
^pproxiiH^iy tSS Cff the buum mM& M n>ote;uim- vaiusss <Jo6.yuo Da, m4 25%. imd 

I hmm Mhmm&^ tmst il« mpesMt ftepsj^sa jae&jasj" ltriie&fe;iue|3::lbi^^ 

. or. all 0f the ofesservM cqaifwslitoa iiiid: rasss' properi®/ A i^eail^i^iciS^te 'i^'kaiJ© 
pS A; Af it« 

The pseMdafiictisre iH«sifal«d in Figure 43,1 ming tie willafefe.c&tfijcar mid 
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THE PRINCIPLES OF HUMIC SUBSTANCES 

Patrick MacCerthy 



Two priticipies ate presented that define the molecular nature and 
ecological role of humic substances (HS). The First Principle (i) accounts 
for and organizes an extensive body of apparently disparate data relating 
to the inability to purify and establish a molecnlat structure for HS; (n) 
olfers a conceptual framework for dealing with HS and for evaluating the 
applicability and limitations of various experimental methods; and (ni) 
identifies molecular heterogeneity, in combination yvith pronounced 
chemical reactivity, as constituting the essence of HS. Five corollaries to 
the First Principle spell out its consequences in more specific detail- New 
defuiitions of HS that oifFer greater insight into the molecular nature of 
these materials arise from the First Principle. The inappltcabjhty ol the 
molecular structure concept to HS is explained. The concept of hypo- 
thetical pseudostructures is introduced to help visualize the chemical re- 
actions and interactions of HS without the unjustilied assignment of spe- 
cific structures to the material as a whole. Constraints in the design of 
experiments and in the interpretation of experimental data caused by the 
heterogeneous nature of HS are discussed. The Second Principle makes 
a connection between the molecularly heterogeneous and chemically re- 
active nature of HS and the ecological need for a reactive and persistent 
medium for plant growth. Concepts presented herein have broad impli- 
cations in many fields, including chemistxy, geochemistry, environmen- 
tal and soil sciences, and ecology. (Soil Science 2001;166:73ti-751) 

Key words: Humic substances, humic acid, fulvic acid, humin, hu- 
mus, principles of humic substances, pseudostructures, supermixture* 
ecology. 



THE presence of humic substiinces (HS) m the 
environment has bug been recognized 
(Koiionova, 1966; Schnitzer and Khiui, 1972; 
Orlov, 19B5;Frimmel and ChnstmanJ9BB). The 
term humic substances refers to a category of nat- 
urally occurring inaterials found in, or extracted 
from, soils, sedimetits, and naUiral waters. They re- 
sult from the decomposition of plain and animal 
residues, Humic substances ans found in all teri-es- 
tria] and aquatic environments (C^essing, 1976; 
Thurman, 1985) and constitute one of the most 
abundant forms of organic matter (OM) on die 
surface of tlie earth (Woodwcll and Houghton, 
1977: Woodweil et al, 1978). To some extent, 
these materials are defined by default - they are a 
category of natural substance tl^at cannot be ciassi- 

l>eiMrtmcnt of Oeirrishy * GeocAeiPfciry, Cok^ado School of Mirtes, Gold«^ 
CO 8CM01. Em^l ]omacc«t@fmnei,«Ai 
Recetwea My \% SOOl; aoceptcd A«g. 21 2001, 



fied into any of the normal, easily defined cate- 
gories of discrete materials such as proteins, poly- 
saccharides, and polynucleotides. 

A BRIEF OVERVIEW OF 
HUMIC SU13STANCES 

Omvennoml Defwitiom and 
Terminology ofHimic Substmues 
Humic sub^jtarices are conventionally defined 
as ''a series of relatively high- MW, brown to black 
colored substances, formed by secondary synthe- 
sis reactions'' (Steven^ion, 1982) or as "a category 
of naturally occurring, biogenic, heterogeneous 
ot^nk substances that can generally be cliarac- 
tetized as being yelbvv-'-to-black in color, of high 
niolecular weight (MW), and refractory" (Aiken 
et a!., 19B5,p, 4);rhe:>e vague definitions teach lit- 
tle about the chemical nature of humic materials. 
Because of the vagueness of these and other pre- 
\!ai.ling definitions of HS>it is common to also de- 
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firic these materiPEls operationslly in terms of tlie 
nierhods used to extract ov isolate them front soils, 
sediments, and watund waters. The classic soil ex- 
traction procedure yields three main fractions; hu- 
mic acid (BA), fulvic acid (FA), and himiin/Thejie^ 
fractions are defined operationally in tcuns of 
their solubiUcy in aqueous media as a funcdon of 
pH or m terms of their extractttbility fi:orn soib or 
sediments as a function of die pF! of the extract- 
ing rnedium. Humk acid i% the fraction of HS that 
is not soluble in water under acidic conditions, but 
bccoines soluble (or extractablc) at higher pH val- 
ues. Puhic add is the fraction that is sohibk in 
aqueous media at all pH values. Humtu represents 
die fraction that is not sohjblc in an aqueous 
medium (or is not extractabie with an aqueous 
medium) at any pH value. Actually, humin coti- 
:vists of an aggregate of humic and nonhumio ma- 
terials (Rice and MacCarthy, 1990); as such, 
humin is better described as a humic- 
coiitaining material rather than an a huniic sub- 
stance. The adjecdve liumic is commonly used in a 
generic way to refer to each of diese fractions/Die 
term himm is often used synonymously wnth HS, 
but in other cases humus is used to include both 
humic and nonhumic material (Stevenson > 1982). 
!t is assumed that free, identifiable constituents 
such as amino acids> sugars, and polysaccharides, 
which are co-Lsolaced with the humic material arc 
removed befoi-e die extracted niateriais are consid- 
ered to be exclusivdy huiiiic as disdnct trom hu* 
mic-containing. Cxnnplete segregadons of tills 
type are more readiiy hoped for than accent 
plished,as evident from the following two sections, 

Vtc Hwnk Substance-Nonhmit 
Substance Boundary 
Humic and nonhumic substances share the 
same types of^ functional groups and other chemi- 
cal characteristics. Consequendy, it is a cliaHenge 
to devise experimental methods that segregate 
these two classes of materials fi-om each other m an 
absohitely definitive manner. As a result, it is diffi- 
ctik to confirm that a material that is considered to 
be a humic substance does not have some nonhu- 
mic substances mixed in with it. This situation is 
more likely to be encountered wkh FA and other 
lower IVtW fractions. Sitnilarly, it is a challenge to 
identify the point in the decay process at wiiich the 
ti-ansition fihom nonhumic to HS has occurred. 
Such uncertainties appear to be eiidemic to tlie 
field of HS and contribute to what has classically 
been referred to as "the buraic acid problem''. 
These complexities underlie the difficulty in 
defining HS, as evident fchmiigliout ti\k paper. 



Extmctiori/hotathn of Humic Substaiues 

Humk subsrances are generally extracted from 
soil and sediment samples by treating the substrate 
with a basic solution (Stevenson, 1982; F-Iayes, 
1985). Humic acids imd FAs are co-cxtracted into 
this solution, and the unextracted residue contains 
the humin. When the alkahne extract is acidified 
by addition of a strong acid such as I-iCl, a mater- 
ial precipitates diat is defmed as HA, and the re- 
maining orgiinic material in solution is referred to 
as the fulvic acid fraction (Stevenson, 1985), Fur- 
tlier steps are then taken to wash the HA free of 
other materials, to separate the FA per se irom. the 
other materials in the fi^lvic acid fraction, to di- 
minish the asli contents of die humic and fulvic 
cxti-acts, and to fully convert the fractions to their 
hydrogen forms, l^art of the predicament in deal- 
ing with these ehisive substances, as mentioned 
above, is that there is no defmitive method for ab- 
solutely separating all nonhumic material from 
HS, Consequentiy, some pragmatic compromises 
must always be made in the extraction/isolation of 
HS. Some chemical degradation occurs during the 
extraction of HS/Ihus, base-cxti'acted HS gener- 
ally comprise a combination of native and altered 
materiah. The extncted HS are frequently dried 
by conventional evaponuion or by lyopliilization. 
It is also likely that some chemical chatiges, such as 
the formation of anhydrides and lactones and/or 
loss of carbon dioxide, occur when HS are dried, 
particularly when dried at elevated temperatures. 

There are ntjmerous variations of the extrac- 
tion procedure including: the nature and concen- 
tration of the extractant used; the temperature at 
which the extraction is performed; period of 
contiict with base; steps taken to rnitiimize ash 
content of extracted products; and tiae choice of 
aerobic versus anaerobic conditions chxring the 
extraction, iVlany other extraction procedu^ss 
and variations have been used, some involving 
various organic solvents such as dimethylsulfox-' 
ide, dime£hylformamide, and formic acid {Hayes, 
1985). It is not surprising that materials extracted 
fi"oin soils or sediments according to procedures 
based on the above definitions actually consist of 
mixtures; however, the degree of complexity 
found in tliese mixtures is profound. The singu- 
lar designations for HA and FA are clearly 
generic terms representing mixtures of diverse 
molecules- Variations on the above procedure are 
used to isolate aquatic HS from natural waters 
(Riley and Taylor, l969;Thunn.an and Malcolm, 
1981; Aiken, 1985; Thurman, 1985; Serkiz and 
Perdue. 1990). 
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Properties of Hmnk SnbstaiKes 
All HS are ajnoi-pboiss Mid comht of coiiiplcx 
mixtures. No study has come close to isolating a 
significarit amount of any material that covski be 
njten-ed to as a pure or nearly pure HS/rheiefore, 
most data on HS refer to average properties of a 
kvge ensemble of diverse molecules. The precise 
properties of a given himii,c extract may depend 
on die particular substrate chosen and the specific 
conditions of extraction. Nevertheless^ there is a 
reinarkable uniformity^ in the average propertiei^ 
of all HAsJ^-s, and huniins (Schnit^erJ 977; Rice 
and MttcCarchy, 1991). 

Elemental contents of HAs, FAs.and huniins 
(rom all over the world are remarkably consistent 
(Rice and MacCarchy, 1991). Humic acids have 
been reported to have average MWs varying from 
about 2()0() Oa for aquatic materials to greater 
than 1X10^^ Da for soil-derived materials {Aiken 
and Wersliaw, 1985)»and some FAs have a nimv 
her average MW in tho range of about 600 to 900 
Da. Humic substances have an abundance of oxy- 
gen-containing functional groups (carboxyK phe- 
nolic, alcoholic) wbicli dominate their chemical 
properties, hi nature, and in the laboratory, HS 
constitute a bed of chemical reactivity or poten- 
tial reactivity. While I-LS are often described as 
polymeric, a moto appropriate characteri^atiori (at 
least for the larger moJccular constituents) would 
be polyeiectrolytic or macromolecular {Hayes et 
al., 1989, Ch. V). h has not been possible to iden- 
tify a unique tnoSecular structure or a repeating 
structural unit in HS (Hayes et al, 1989) and, as 
stated by Qessing (1976), "Humus is obviously 
noi a definable organic compound^ and it is un« 
likely that the composition will be clarified witliin 
the foi-eseeablc future." 

Sot} Pcrtility, Environmental, and Gmhemka} 

Functions of Himic Sabstances 
Humic substances pardcipate in many agro- 
nomic, cnvironmentai, and geocbemical processes 
(Hayes and Sv^dft. 197S; Stevenson, 19B2). For ex- 
ample, HS can serve as a reservoir for holding mi- 
cronutrienK in the soil and making them available 
later to plant root hairs. These matciials also con- 
tribute to the acid-base buffering abilitv^ of soils, are 
able to bind mineral partides together in the soil 
errvjtonnient, thus contribudng to the structure of 
soil, and help to maintain the water regime of a soil 
Other gcochcmical and enviroJimental pracesses in 
which "hS participate are dissolution of minej-als 
(Bocfi et ah, 2000), binding of small organic mole- 
cules (Chiou et al» 1986), reduction of metal ions 
(Szilagyi, 1971 ), and mediating as an electron shunt 



in microbial and abiotic redox reactions (Wolfe and 
Macaiady, 1992; Lovky et ai., 1,996). The variety 
and extent of these reactions and interactions indi- 
cate the highly i^eactive nature of HS, 

Humic substances occur in close association 
with otiter ot^anic and inorganic materials in soil 
and sediments. The humic and organic nonhiimic 
materials are generally referred to collectively as 
OiVl,soil organic matter (SOM), or natui:2l organic 
matter (NOM). These systems are not simple mix- 
tures but involve multiple interactions and states of 
aggregation. Witliin this complex medium there is 
often an active microbial community. One may ar- 
gue ahout the rationality of performing laboratory 
studies on a group of sxibstances t\m have been 
segregated from the other living and nonliving en- 
tities hi the environment, compai^ed with studying 
the intact organic/inorganic composites in the 
presence of mici-obial conmiunities. However, it 
seems that such laboratory investigations on iso- 
lated humic fractions provide the best hope for 
um-aveiing some of the fmidamental chemical 
mysteries regarding the nature of these materials. 
Aquatic HS 'also occur in association with nonhu- 
mic materials and niay exist in colloidal or larger 
aggregate forms, 

OBJECTIVES 

A vast body of enipirical data has accumu- 
lated on the nature and properties of BS/Whac is 
lacking is an overall set of rules or guiding prin- 
ciples that account for the chemical nature and 
environmental role of these substances md which 
would serve as a conceptual model for titrther re- 
sell rch on humic materials. The objective of this 
paper is to exajnine critically the extensive body 
of published data, prior observations, and ideas on 
HS in order to identify those features that arc in- 
trinsic and unique to humic materials/rhe results 
of this endeavor are expressed in the fonn of two 
principles. It is hoped that the principles es- 
poused and opinions expressed in this paper will 
stimulate fluther examination of HS in an effort 
to substantiate tiie stared principles, to further re- 
fme them, or to invalidate them in full or in part. 

THE PRINCIPLES OP 
HUMK: SUBSTANCES 

The chemical nature and ecological role of 
HS can be rationalized on the basis of two fun- 
damental principles: 

!. Humic substances comprise, an extraordinarily com- 
piex, afimplwus mixtim of highly haieYogemom, 
chemically remwe yet refractory imkcules, pro- 
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dticed during early diagcnesis w the decay of hio- 
maner, and formed uhiqmiously in ike cavironmnt 
via processes imfolvin^ diemicai rmtion of species 
randomly chosen from a poo! of dmrse imleatles 
and through random chemical alteration ofptmmor 
mokcules, 

li . Ihe molecular heterogerieity inhmnt in hmnic sub- 
statues renders the himiic makrki hiifhly refractor)', 
thereby seruing a key role in the Earth's ccokgica! 
system. 

The Fint Principle (MncC:arthy, 2001) <k- 
scribes the fundamental ntolecuJar nature and ori- 
gin of MS by addressing the questions: what arc 
HS, arid when, where, and how are rhcy fomied? 
The Second Principle^ formulated previously as an 
hypothesis (MacCarthy and Rice, 1.991), piovides 
a connection between the mokailarly hetero- 
ireneous constitution of HS and the ecok)giciO 
need for a t^iediuin that is both chemically reactive 
and rehactory. These principles repi-esent an at- 
tempt to look beyond the accidental and inciden- 
tal in an efi'ort to view the big picuuti and grasp the 
ti-iie essence of HS. The overriding trutl:v of these 
broad principles supersedes the myriad details in 
the cben^ical and microbial processes that partici- 
pate in the formation, reactions, and interactions of 
HS in nature and in the laboratory. Pive coroiLir- 
ies atre derived from the First Principle and reveal 
its consequences in moi-e practiciii terms: 

Corollary A, Humic substances are devoid of a 
regularly recurring, extended, skeletal entity. 

Corollary f lumic substances cannot be puri- 
fied in the converational meaning of purity. 

Corollary C, The essence of huanic substances 
resides in the combination of their extreme 
molecular heterogeneity suid pronounced 
chemical reactivity. 

Corollary D. Hxuiiic substances Irom diiferent 
sources dispk^y a remarkable uniformity in 
their gross properties. 

Corollary E. It is not possible to write a mole- 
cular structure or set of structures that fully 
describes the connectivity within molecules of 
a humic substance. 

Corollary A states that there is no loiig-range 
chemica] order recc^izable in HS and that there 
is no identifiable backbone or jjkeletal structure 
diat could be ix^garded as uniqudy characteristic 
of these materials. Corollary B is self-explanatory. 
Corollaiy C recognizes those unique features that 
arc essential to HS from both a chemical and an 
ecological point of view. Corollaiy D provides the 



basis for considering HS as a unique cla*;s of ma- 
terials. Corollary E addresses the nebulous nature 
of the molecular structure concept when applied 
to HS. Data and arguments in support of the First 
Principle, and some consequences of the First 
Principle, are presented elsewhere (MacCarthy, 
2001 ). Extensive data and argiimencs in support of 
the First Prin.ciple have also been presented in 
iVlacC;:arthy (2001) and will not be repeated here. 
In this paper, additional implications of the First 
Principle are presented^ and the Second Principle 
is inti-oduced and discussed in detail 

DEFINITIONS OF TERMS 

The term humk <:ubstanccs is intended to des- 
ignate that class of organic material occurring in 
or extracted fronr decayed or decayii^g biomsttei' 
in soil, sediment, or natural waters and thai does 
not fall into any of the discrete classes of organic 
substances. Organic matter extracted fi^om plants, 
senescent leaves, recently fallen leaves, and so on, 
is not considered to constitute HS in the context 
of this paper/rhe word btomcftter rtferai to biolog- 
ically synthesized matter that is no longer living 
or part of a living cell. The terms heterogemous 
and keterogefieMy, as used in the principles and 
throughout this paper, include the lack of stmc- 
tura] regtjlarity within and among the humic 
molecules; this topic is addressed more rigorously 
in a companion paper (MacCarthy, 2001). The 
term regularly recurriti^y extended, skeletal entity 
refers to a structural component that contains 
more than six C atoms and that occurs in an or- 
derly, repeating manner within a molecule. 
Chemical reactmiy, in the context of this paper, 
refers to the diverse reactions and interactions 
exhibited by HS in the environment. These reac- 
tions and interactions underlie the multiple 
fiinctions of HS in nature and include; acid dis- 
sociation, metal complcxation, ion exchange, 
sorption on minerals, and redox reactions with 
metal ions and organic species. The term refrac- 
tory means that the substrate resists decomposi- 
tion by micro-^oi^anisms, that is, microbial degra- 
dation of the HS is considerably slower than that 
of discrete biopolymers. It is not intended to im- 
ply that HS are absolutely recalcitrant and that 
they are not degraded by microorganisms. 

THE FIRST 
PRINCIPLE— CONSEQUENCES 
AND IMPLICATIONS 

Three consequences and iniplications of tl>c 
First Principle haw been presented and discussed 
ehewhere (MacCarthy, 2001); 
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(i) The combination of" molecular heterogene- 
ity aiul chemical rcaaivity constitute!* the 
essence of hitmic substances 

(ii) Huniic substances canstitute a distinct class of 
^'natural product" that is unique and clearly 
different ifrooi the convendotjaliy recc^iiKcd 
naturijl products 

(iii) Hunik substances constitute a supennjxtiire, 
i,e„ a highly complex, heterogeneous mix- 
ture of molecularly diverse species in which 
the probability of finding two identical nioi- 
ecuJes h exceedingly small (excluding the 
very Jow M W frticdom). Purific^ition of a 
supcniii>rture would, in the ultiinate sense, 
invoive a process approaching a inolecule- 
by~moleculc separation. This is the biLsis for 
Corollary B of the First Principle. Additional 
consequences of the First Principle follow. 

New DcfinUms of Himk Substance.^ 
The First Principle actually constitutes a new 
defmition of HS. This definition is molecularly 
based and is founded on a combination of chem- 
ical features (an enormously cotnpiex mixture of 
heterogeneous, clieinically reactive, refractory 
molecules) and origin (ubiquitous substances 
formed via processes involving random selection 
of reactiiig species, early in the decay of biomat- 
tcr).The new definition of HS does not obviate 
the need for die traditional, operational dtfim- 
tions that describe liow huinic fjacdons are actu- 
ally obtained. Other defmitions of HS could be 
formulated fi-oni ti^c First Principle; for example: 

(i) An uncesolvable mixture of structurally het-^ 
erogeneous reactive molecules formed early 
in the decay of biomatter 

(ii) A naturally occurring mixture of organic 
molecules formed early in the decay of bi o- 
matter tluough processes involving molecu- 
larly nonspecific reactions, and 

(iii) An even iTiore cryptic definition: a chemi- 
cally reactive supermixturc exti^icted from 
decayed biomatter. 

The Mokxular SnvcfMre Dilemma for Humk 
Sabmnces: In Seatxh of the Nouexistait 
Chcmkai Degrndatwn Methods Applied to Humk 
Stibstattces 

What is meant by moleculaj: sti"ucture m die 
context of HS? Application of classical structure- 
determining protocols to HS is severely con- 
strained. The empirical formula for HS represents 
an average value and does not conform to simple 



integral atomic ratios (of course, all measured ele- 
nvental contents can be forced into essentially in- 
tegral values by imagirnng a sufficiently large 
MW).Thc measured MW of a given humic sub- 
stance is also an average quantity (number average, 
weight average^ or z~average). hi the past, sucli el- 
emental and MW average values have been conv 
bined to produce an "average molecular formula'' 
for HS. Such average formulas, designed to con- 
form to the average elemental contents and aver- 
age MW of the sample, are no more meaningful 
than other hypothetical models diat are not re- 
stricted rigidly to the measured elemental con- 
tents and average MWs. It is possible diat either 
few or no molecules in the system, display an ele- 
jnental composition corresponding to the average 
values and thxit relatively few moleades in the 
mixtui-e possess a MW equal to the average value. 
Similarly, the use of a "universal average formula 
unit'* (Sein et aL, 1999) for BA is not realistic. 

Chemical d egradation of HS produces a Jum- 
ble of degradation products li-om the mixture of 
molecules in the system. It is not possible to iden- 
tify which degi"adAtion products come from 
wliiclii parent uiolcculc and, duis, there is no way 
to interpret such data rigorously in terms of 
structural foriTiulas (or even molecular formulas) 
as can be done for pure compounds. It becomes 
clear that HS cannot be represented rigorously by 
a single molecular formula. It was for this reason 
that wc previoi.isly chose not "to express the iute« 
grated informadon [for HS] as strucUiral formu- 
lae" (Hayes et al.J989,p. 29) and that Stevenson 
(1982) stated "no single structural formula will 
sufBce'' for HS. Tliese considerations constitute 
tlie basis for C'orollary B and are addi'essed more 
fiilly in the foUowing sections of this paper. 

Mijss Spcdfoutetrk Meliwds Applied to Humk 

Substances 

The problems diat beset the classical structure- 
determining method, as appBcd to HS, are also 
die banc of more modern strucmre-determining 
tools, sucli as mass spectrometiy. This is a common 
situation in humic studies, where die undedying 
cojnpiexity hinders the interpvetadon of data of all 
types. In classical mass spectrometry of a pure sub- 
jitance, some of the vaporized molecules ai-e frag- 
mented, the fragments as well as the molecular ion 
are idcndf led, and the informadon is then mentally 
reconstructed to generate a structural formula. Ap- 
plication of^ this approach to HS produces a 
plethora of fragments from the myriad of diverse 
molecules iii the original sample. One cannot 
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know which fragments came from which mole- 
ciik, and it is not possible to establish individual 
structures from the intermixed fragmentation 

The application of low-resokicion, soft- 
ioriization mass spectrometry to a mixture can 
provide informatiott on die distribution of MWs 
in the mixture (Bmwn and Rice, 2(K)0). High- 
rcsoludon, soft-Joni2;ation mass spectrometry' can 
separate the molecules in a nnxture on the basis of 
their moJ ocular formiiks. However, tlie pattern 
obtained may not always be represent^itive of tlie 
ful l suite of constituents in the mixture because of 
possible selective ionization of particular con- 
stituents. Each pc^ak in such a spectrum may corre- 
spond to several or many constitutional isomers 
thsc cantxot be segregated by mass spectrometry. 
Accordingly, application of fragmencarion mass 
spectrometry to the components in a single peak 
&orji the liigh-'resohuion. soft-ionis^adon mass 
spectrum of a huniic substonce would include 
fi-agmcnts from nnikiple di\'erse molecules. This 
situation would limit one's abilit>^ to interpret the 
data in terms of discrete structures. The extent of 
dicse complications in nuass spectrometric studies 
has not been fully investigated 

The difficulties encountered in the chemical 
degradative and mass s|.")ecti'Oinetric investigations 
of HS do not result Irom limitations in the chem- 
ical and instrumental tools, but, rather, diey are in- 
evitable consequences of the heterogeneous nature 
of humic materials. Based on the superniixture 
character of MS, it is to be expected chat peaks ob- 
tained in high resolution, soft ionization mass spec- 
trometry of H.S represent a inLxture of constitu- 
tional isomers. Recently, multistage tandem mass 
spectrometry (MS^O experunents have been ap- 
plied to molecular ions isolated by soft ionization 
mass spectrometric methods {Leenheer et al, 
2()01;Vbncque et al..,20Q1). Leenheer etal, (2001) 
present fragmentation patterns to account for pro - 
posed molecular structures in the low MW trac- 
tion of an T'A, and Plancque et al. (2001) propose 
an actual molecular structure for T^. 

Meamng of Mokcukr Stmcture ifi Systems of 

Most n fixtures can be separated into pure or 
relatively pure compounds for which molecular 
structures can be obtained. In the early days of 
protein investigations, the material presented itself 
as a mystei-ious mass, imd progress in its utider- 
standii^g was slow. As time advanced, methods 
were developed for the sepairation and purifica- 



tion of individual proteins, and ultimately some 
proteins were obtained in crystalline form- Fol- 
lowing the isolation of pure or relatively pure pro- 
teins, progress mis rapid. The ability to conduct 
experiments on a substrate consisting of a %m^t 
compound allowed the results of chemical degra- 
dation and other experiments to be interpreted in 
a rigorous manner, eventually leading to the com- 
plete primary su-uctures of many proteins. That 
scenario is typical {)f experiences in most areas of 
cheniifitry, where progress was slow until pure or 
essentially piu'c compounds were isolated. 

Hujnic substances do not yield to this type of 
investigative rigor. Since supermixturcs cannot be 
sepamted into pure materials {Corollary B of First 
Principle), "determining the molecular sdiaic- 
ture'' of humic substances would ultimately mean 
determining the individual structure of each 
molecule in the system — something that is not 
feasible. There is no substantive meaiiing to the 
term "molecular structure of humic suhstanccs," 
and knowledge of all the individual structures 
within a humic system is beyond our reach. 

In the absence of a molecular structmie for HS, 
and in view t)f the multitude of different structures 
within such systems, we must develop the ability to 
conununicate outside the Kcalm of conventional 
chemical reasoning. This is a most difficult under- 
taking tor chemists, who, because of their educa- 
tion and experience, are accustomed to thinking in 
ternis of discrete molecular sti:uctiu-es. So what are 
we to do? What is the best manner of communi- 
cating ideas about HS (or any supermixture) at the 
molecular level? This question imderlies the major 
difRculties in trying to comprehend HS. Histori- 
cally, there have been two primary approaches to 
dealing with this problem, as discussed in the next 
rvvo sections. 

The "Wnle-Ni)- Strmtme " Approach 

In this approach, decision is made to refrain 
from formulating structural models. Instead^ the re- 
actions, interactions, and other beh aviors of HS are 
described in terns of the chemical md physical in- 
formation that h available widiout trying to assem- 
ble such data into a molecular structure. This strat- 
egy is consistent with die approach that we adopted 
in the 1989 monograph "Humic Substances H: In 
Sc^rcli of Stnictiire" {Hay^s et al., 1989). 

PMished "Mokcukr Stmaures" ofHunm 

Suhstmces 

The second, ajid more common, approach has 
been to formulate molecular structures in an at- 



744 



MACCARTHY 



Soil science 



tempt to describe the observed properties and be- 
havior of MS. Nximevous modd structures of HS 
have been proposed over the years (Kononova, 
1966; Scbnititer attd KIkjil 1972; St<:;vensorj, 19B2. 
1985; Oviov, 1 985 , Ch .11; j.cenheer, 1 989 ; Sch ul- 
ten md Schintzer, 1.993) s Wliile vno^t of these 
models can account for some of the observed 
properties of HS, they also display many differ- 
ences in the distribution of functional groups and 
in the nature and ar^^ngeme^t of the structural 
moieties. The diversity among the proposed 
structures illustrates the \^ried opinions among 
researchers about structural aspects of MS, The in- 
tended meaning of such published structures has 
varied with die particular author(s). In some cases, 
the models were intended to be interj^ixtcd quite 
literally, and in other cases they wei« simply meant 
as a guide to represent the type of chennstry that 
HS display. Sometimes it is not clear how the au- 
tliors intended their proposed structLires to be in- 
terpreted The unfortunate consequence in all 
cases of proposed structures is that once such 
structures are published, they are frequently inter- 
preted literally and cited as actual structures, re- 
gardless of what the original author(s) intended. 

Perhaps, one way to acquire a feeling for the 
inherent complexity of liS is to imagine a coti- 
cocdon prepared by mixing molecules corre- 
sjxjuding to many of the pu Wished models of HS 
Such a muitidiverse molecule model of the humic 
mixUire would incorporate the structural ideas of 
many researchers and would mimic some of the 
heterogetieity and molecular diversity that is inher- 
ent to BS. If carried out indefmitely, this thought 
experiment would lead to a supermixturc. 

Introducing the Concept of Psmdosfntciures 

Much is knowri and speculated about the 
composition of HS elemental contents, func- 
tional groups and their relative abundances, various 
structui"al moieties such as aromatic and aliphatic 
segments, and so on. It is not possible to assemble 
this information into a discrete molecular structure 
for HA or FA. However, with a proper under- 
standing of the nuatices of supermixtures, one can 
assemble such fragmented data into figurative rep- 
resentations diat incorporate cotnpositioual char- 
acteristics and other chemical features that have 
been identified in FiS and their degradation prod- 
ucts. While such models should be consistent with 
die known elejiTental, functional group and odicr 
structural inoim character of die materials, it is 
poijitless to try forcing such model sti'uctiires to 
adhere rigon>usly to a measured elemental coin- 
position, average functional group content, or av- 



erage M"W of a humic substance/Ihese models are 
not intended to constitute actual molecular struc- 
tures but merely to account for observed net prop- 
erties and behavior of HS. Such mental constructs^ 
in the form introduced in this paper, will be re- 
ferred to as pseudostructures. Pseudostructurcs are 
not molecular .structures, nor are tlicy average 
structures or avei-age structural models. Major dif- 
ferences iTetween molecular structures and pseu- 
dostructures are listed in Table 1 . The right col- 
unin of Table 1 lists the mn-ncrous limitations of 
pseudostructures relative to genuine molecular 
structures (left column). 

Pscudost3:uctures are defined as hypothetical 
molecular constructs having elemental, structural, 
and functional group features consistent with 
some or all the observed properties of a given 
mixrLJ]:e. Nevertheless, individual pseudostructures 
may depart considerably §om the measured ele- 
mental compositions, average functional group 
contents, and average MWs of a humic substance. 
Their form may also be in6uenced by conjcaured 
precursor molecules and formation pathways. 
Pseudosti'uctiires ofler a means for visualizing and 
communicating the t^^pes of chemical interactions 
and properties that a humic substance is expected 
to exliibit* based on experimental data, rather than 
ti-ying to imagine and communicate diesc ideas in 
a more abstract space. Pseudostnictitres can, ac- 
count for general compositional features of a hu- 
mic mixture, such as carboxylic acid acidity, phe- 
nolic acidity, complexation ability, aromatic and 
aliphatic content, and die p):esence of ester, ether, 
and odier linkages in the system. They csn also ac- 
count for many otliser properties of HS, such as re- 
dox cliaracter, fiee radical nature, the ability to act 
as a cement between, clay particles and to soib 
nonpolar solutes, the tendency to engage in hy-- 
drogen bonding, and IK. and NMR spectra. How- 
ever, pseudostructures do not provide detailed in- 
formation on the structure of a molecule as a 
whole, nor do they indisputably yield juxtaposi- 
tional information on all functional groups or 
other structural moieties. That is because there is 
no "molecule as a whole'' for these systems, and 
concept that are nornially chemically meaningful 
and definite — such as molecular formula and mol~ 
ocular structure — are not applicable to HS en 
mane. 

Several or many, different pseudostructures 

may be proposed to represent the same or differ- 
ent properties t>f a given humic substance. Pseu- 
dostructures are not restricted to a particular 
''molecular formula.'' A given pseudostructure 
may be intended to represent only certain pmper- 
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TABLE 1 

Conip-irison ofps^udtstructures with inolecubr jjtructupes 



Molecular Simau rg 

• is TOil. and cora'spondi to an i!iolat7lb^1^ siibstniitoc 

• represents all (idemicil) molecules of <\ {^iven cOiT^poinid 

• is rndependeni of how substance is produced 

• cori-esponds to -a particular molecular fornjub 

• « single nioleciiUr su'ucture h umque for a panicular 
coiupound 

• describes a cooipJcte itiolectde 

• provides all <:onncctivity within tlic rh()k<;ulc 

• ni.ny allow c^^lculation of distances between pairs of frtmm 
» possesses a specific niohxubr weigh r, 

» nu!St coiifbriri closely to measured elemental compos) rion 

• nnist tiidnde kIJ elements i^om elcinejit;il analysis 

• ninst include jiH known structur^il featufes* 

• provides detailed stfittrocheniical inJortwation 

• provides a basis for anticipsifciiis; iiioleouhr conformatioin 



l^e»do^»cture 

• a hypotheiiad comtmct ^lat docs not t;orre$pond to an 
isohtable substance 

• describes properiies of a compkx mixture 

• it h possible thai a pseudostrtictuje h not identical to any 
molecule in a sysceui 

• may be iiiHiienced by conjectured precnisor moiecides 
aiKJ fonii^tion piithwyys 

• vi not restricted to 'a specific "moloailar fcrtuuih" 

• many diHerent pseudostructmes may be proposed to 
represent the Suniie sysien^ 

• my be i^^ent^ed to represi!att ^]] or just sefected features 
of a system 

• provides little definite information about extended 
connectivity 

• shouki not be usc(i for calculating extendt^d interatomic 

distances 

• need not cosiform to a specific; molecular weiglii: 
(i n diic\ uv^ ;ive rage M W) 

• need not conform rigoiously to measured elemental 
composition 

• a given pseudostructure might not include some '*nnnor" 
elements 

• a given pseadostrticture need not include all measured 
structural features* 

• does not provide rigorous stcreochcinical information 

• should not be used as a bi»is for cakuladng detailed 
n^olecular conformatiom 



^Structural features include measured functional gioups, linkages, structural coniponeftts such as aromatic And aliphatic moi- 
eties, and unpaired electrons. 



ties of a hurriic siibstiUkce, It is not necessary that 
each pseudostnicttire include all of the "minor** 
elements^ such as N, V, and S, that inay appear in 
the deinental analysis data, Pse"udosti;ucti»res must 

be distingiushed from molecular structures which 
are intended to be interpreted Htendly, and from 
other molecular models that are generally as- 
sumed to provide reasonable representations of 
the extended connectivity within specific mole« 
cules. it v> likely that no nioieciile in a hun)ic sys- 
tem is identical to a proposed pseudostnicture. 

The potential problem with using pseudo- 
structures isS that they resemble molecular struc- 
tures and could easily be misinttTpreted such. 
A pseudostructure differs fi:om a molecular struc- 
ture not in its diagranimadc appearance on paper, 
but, ratlier, in the manner in which it is inter- 
preted, as governed by die limitations outlined in 
Table L Since a psendostracture comprises a set 
of atoms Joined by chemical bonds, it can be dis- 
tijigujshcd from, a molecular structure only by the 
context in which it is presented. It is suggested 
tliat each pseudostructure be labeled widi the 



term PSBUDOSTRUCTUiVB to eitiphasijze its 
hypothetical nature and severe limitations and to 
help guard against overinterpretadon. It is the axi- 
thor's contention that all pix)posed molecular 
models of HS arc, at best, pscudostinctures, and 
arc therefore subject to the limitations set forth in 
Table t. The pronounced limitadons of pseu-- 
dostructures, evident from Table 1^ are often ig- 
nored in the interpretation and use of proposed 
molecular models of HS. 

Figure 1 shows four pscudostructurcs, al- 
diougl) not originally described as such, adapted 
froin published model structures for Suwannee 
River FA (Lecnheer, 1 989; Salch, 1989; Leenheer 
et aL, 1998). Pscudostructurcs (a) and (b) were 
devised to represent Suwannee River FA (M,, ~ 
800 Da), Pscudostructures (c) and (d) were drawn 
to represent a special metal- complexing iractiou 
(7.1%) of Suwatuiee River FA (M„ 956 Da), 
thus also serving as pseudostrt3Ctures for the FA 
itself. The structures in Fig, 1 were written to 
conform, as closely as possible to the measured el- 
emental compositions, average functional group 
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HO O— V >=< 
0— f O OH O 

^ C42H44O2S (94S,8) 



compositions, and number average MW of the 
material (Leenhecr, 1989; Leeahecr et aL, 1998). 
However, as noted above, such restrictions are not 
a requiiTxncnt for pseudostrtictures, and many 
otiier valid pseudostructures that do not adhere 
to those constraints in compofiitioti atid mass 
could be written for these materials. Tliese struc- 
tures were chosen as pseudostructures for ihis pa- 
per because of the extensive body of analytical 
data and critical diinidng employed in their gen- 
eration. The four structures in Fig. I were de- 
jiigncd to reflect precursor materials from which 
che FA was speciiiated to originate (Lcenhcer, 
1989; Leenheer et al., 1998)- As evident from 
reading the original papers, these representadons 
are not intended to depict actual molecules 



witliin the hurnic material, and "the assembly of 
structural data into a cJiemica) structure [pseu^ 
dostnicture — added, by author] is a subjective, 
speculative activity" (Leenheer et al., 1998). 
Rather, diese figurative representations are hypo- 
thetical constructs intended to suggest types of 
chemical systems that would account for the re-- 
actions ijnd other behavior of MS as observed in 
the laboratory and in the environment Each 
pseudostructure in Fig. 1 is accojnpanied by its 
fonnula and the formula weight obtained by 
suiruriing its atomic weights. 

The pseudostruccures in Fig. 1 display many 
dtniJarities and differences^ and each was desigr^ed 
to illustrate particular characteristics. They all con- 
sist of C, H and O only, and none of the "minor" 
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elements N, l^m^id $,v> included, even though these 
three elements, coilectivelyj comprise about 1,4% 
of Suwannee River FA by weight. Each of these 
pseudostructures has m nhundimcc of carboxyl 
gi"ouf^>s. and they .iJl contain piienoJic and iilcoholic 
fiincdonal groups, ketone groups, aromatic md 
aliphatic moieties, aixi ester and ether linkages. 
All carboxyl groups in pseud ostiiicture (c) are 
aliphatic whereas the other tlirce pseudostructnrcs 
contain both aliphatic and aromatic carboxyk (the 
aroiTiatic carboxyl gro\ip in (b) is esterified). All 
aromatic rings in pseudostructure (b) are ftised> 
whereas the other pseudostructures have no fused 
aromatic rings. Only pscudostructures (a) and (b) 
contain lactones, and only (d) jwssesses an enol 
functionality. Pseudostructure (b) contains an un- 
paired electron, and was writtetj specifically to rep- 
resent the free radical character of I":!S^ even 
though it is estimated that Suwannee River FA 
contains only I to 2 fee radicals per 1 ,000 mole- 
cules (Salch, 1989). Pseudostructures (a), (b), (c), 
and {d) contain 5. 5, 7 and 7 asymmetric centers, 
respectively, The stereochemistry at each of those 
sites cannot be specified arid> accordingly, one is 
not Justified in presenting detailed stereochemical 
representations of HS. Ail four pseudostructures in 
Fig. 1 display ample opportunity for intramolecu- 
lar hydrogen bonding and for chelation of inetal 
ions. Odter models that could be considered as 
pseudostructures have beeri designed to illustrate 
N™, P- and S-containing entities (Thurman and 
McKnighc, 1989). the presence of fluorophores 
(Goldberg, 1989), and various metal -completing 
sites (McKniglit, 1989) in Suwannee River FA, 
The extended connectivity in all of theses ijseu- 
dostructui'cs is sjieciilative, and the particular form, 
of a given pseijdostructure reflects the bias of 'n$ 
creator(s), Thou:?ands of othc): pseudostructui^s 
for Suwannee River FA could be constructed, 
foin the same data med to pi"oducc die drawings 
in Fig. 1, Pseudostmctures of greater mass than 
tlxose sliown in Fig. 1 would afford more opportu- 
nity for depicting diversity and multiplicity (Mac- 
Carthy, 2001) within Suwannee River FA. The 
pseudostruccures for Suwannee Kiver FA pre- 
sented here could also suffice for HA; in diis case, 
additional pseudostmctures coiiid also be written, 
majiy considerably krgicr than those for FA. 

Of? Mokcukr Conformations ofHimk Subsm<:es 

The extended connectivity shown in pub- 
lished molecular structures of BS is not justified 
beyond the level of speculation. Nevertheless, 
such structures are sometimes used as a license to 
interpret humic data with a degree of moiecular 



detail that is unwarranted. Considering diat there 
is no "molecukr structure of HS" and chat the 
stereochemical distribution around ixidividual C 
atoms k not known, the issue of molecular con- 
formations becomes even more elusive than that 
of prima 17 :5tn]Cture. The use of computational 
programs for calculating discrete molecular con- 
formations of HS or "building blocks" of HS 
(Scin et al., 1999) ignores the most fundamental 
feature of all HS — that they ai*e indeterminate 
mixtures with no evidence for extended regular- 
ity in their structures. The very meaning of mol- 
ecular conforrnacion, in this context is unclear. 
Despite the above restrictions, it is possible to ex- 
perimentally obtain meaningfijl information on 
macromolecular pmpertics of BS (Hayes et aL, 
19B9,Chiips. B-22). 

Comtfaints in the InterpreMon of Humic Data 

The xjnyielding nature of HS to the conven- 
tional mode of chen^ical thinking and investiga- 
tion has been illuminated throughout this paper, 
fi^om the initial attempts at defining diese materi- 
als to the nebulous meaning of their molecular 
structures. An examination of the himiic litera- 
ture reveals what appears to be a bifiircated com- 
prehension of these material. While there is gen- 
eral acknowledgment that HS cojnprise complex 
mixtuj^s, that basic fact is often simply ignored in 
the design of experiments and in the interpreta- 
tion of experimental data. That continues to be 
the most widespread liaw in the interpretation of 
humic data. An acceptance of the First Principle 
would help to remedy this situation. 

Whereas in some easels one can provide satis- 
factory explanadons in general, terms for the ac- 
tions of HS, it is often not possible to ascribe a de- 
finitive ejq^lanation to the observed effects. This is 
particularly true for experiments having a biolog- 
ical component, such as investigations of the influ- 
ence of HS on plant growth (Burns et al, 1986; 
Chen and Aviad, 1990; Cbpp et ah, 2001) or hu- 
man health (Kiocking, 1994). Because of the un- 
usual difficulty of interpreting data from HS> k is 
advisable diat experiments on diese materials be 
preceded by^ or be condncted concurrendy with, 
corresponding experiments using a temporary 
surrogate system in place of HS. Such surrogate 
systems may coJisist of discrete chemicals or con- 
trived mixtin-es of discrete compounds. This ap- 
proach allows one to investigau^ the applicability of 
the experimental med^iods and to evaluate the in- 
terpretabiiity of the data iii a manner that can be 
assessed more objectively before proceeding to the 
more complex humic system. 
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RecognizifJg Major Aduances in 
Pmdamntd Hunik Studies 
A review of the history of HS research over 
the past 30 yca):s reveais many interesting devel- 
opments: the discovery that cblorination of 
humiocontaiiiing waters pix)dyce.s carcinogenic 
compounds (BelLir et ah, 1 974; Rook, 1 974); ad- 
vances in the isolation and treatment of HS 
through the use of various resins (Aiken, 1.985); 
and increascid knowledge of the composition of 
HS through the application of NM.R and mass 
spec tronie trie methods. In addition, much has 
been learned about the niacroinolccular nature 
and niiccllar properties of these niatetials. Nev- 
ertheless, it xnay seem, at timcs» that there have 
been no jnajor breakthroughs in the fiindainen- 
tal understanding of HS pej at the iiiolecubr 
leveLThis impression may persist eveti if the pe- 
riod of review is extended back 50 or 100 yearsl 
The reasons for this perception should now be 
evident. Some of the events that'might have been 
considcired breakthroughs, had they occurred, 
would have been: the isolation of pure fractions 
of HS, or the identificatioji of dominant molec- 
ular structural units, or a molecular backbone 
for HS. Whereas these goals may have been 
long-term pursuits of researchers^ it is now clear 
why tliey and other similar conceivable break- 
tliroughs did not, and in fact could not, materi- 
ahze. The very nature of HS precludes such 
eventualities- 

In examining the history of humic studies it 
becomes evident that developments in this area 
did not occur in sitigular breakthrough events. 
Advances in this field, have occurred through the 
long-term, steady accumulation of data and 
through, spomdic observations described through- 
out the literature relating to the unusuf^! nature of 
tliese materials. Actually, there have been signifi- 
cant advances in the understanding of HS,but be- 
cause they have not satisfied the normal expecta- 
tions of a breakthrougli and because they did not 
lend themselves to discrete predictions, the ad- 
vances have not been generally recogniy.cd .^s 
such- The actual advances are found in the scat- 
tered statements alluding to the fiindamental na- 
ture of HS -■ such as those of Dubach and Mehta 
(1963) about the possibility of no two molecules 
of HS being exacdy alike, of Stevenson (19B2) 
about the lack of molecular regularity in HS.and 
of Swaby and Ladd (1962) about the chaotic tnan- 
ner in which HS are formed- It is the ideas within 
those and od^er statements; that have been com- 
piled and expressed as part of the First Principle 
of humic substances. 



THE SECOND PRINCIPLE-- 
CONSEQUENCES AND IMPLICATIONS 

Pmisttnce-cum - Reactivityf- 
tlxe Ecological Umjueness of Humi( Snbstatices 

The Second Principle makes a connection be- 
tw^een tbe molecular heterogeneity^ of LIS and the 
fulfillment of an ecological need. It pix>vides eco- 
logical significance to the uiolecular heterogeneity 
that is intrinsic to these ubiquitous materials. This 
principle teaches that HS are not just nature's junk 
resulting from decay but rather diat they represent 
a life -sustaining force by virtue of their unique 
molecular constitution. It is instructive to compare 
the role of discrete molecules in a biological sys- 
tejn widi the role of HS in an ecological system. 
Biological molecules stJch as hemoglobin, chloro- 
phyll, and cnzyjnes a]-e designed to engage in spe- 
cific reactions and to perform unique, highly spe- 
cialiised tasks within living orgatusms. This high 
degree of specificity in biological systems requires 
the participation of molecules each having a 
unique molecular structure and fornied from spe- 
cific pirccursors through, a definite pathway. 

In contrast to the highly specialized and indi- 
vidualized roles of molecules in biological pro- 
cesses, the funcdons of flS in the environment do 
not necessitate the participation of specific niole- 
cules of uniquely defined moJectilar structures. 
The flmctions of HS in the soil environment (such 
as pH-buflering, binding of clay particles, serving 
as a reservoir for various micronutrient metal ions, 
sequestration and transport of metal ions, retaining 
moisture, etc) arc less specific than those in bio- 
logical systems. In fact^ the general functions of HS 
in the soil could, in principle, be satisfied by many 
of the direct, unaltered prodticts of living cells such 
as proteins, polysaccharides, or polynucleotides. 
These biopolymers possess the requisite combina- 
tion of hydmphilic, acidic, cotnplexing and sorp- 
dve properties for performing the tasks cited 
above. Ncverdieless, these biopolymei-s are not, 
and cannot, be directly utilized in place of HS in 
the ecological system. 

Biopolyjners generally do not survive for 
long periods in the open environment as they de- 
compose rapidly through microbially mediated 
breakdown. In contrast, HS are refractory. Ac- 
cording to Swaby and Ladd (1962), the rcsistatice 
of HA to microbial and chemical decomposition 
could be explained if it corisisted of '*many het- 
erogeneous units, irregularly cross-linked by dif- 
ferent covaient bonds, so that innumerable extra- 
cciUiiar enzymes from many different micro- 
organisms would be needed to dismember it piece 
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by piece." Foiiowing up on the ideas of Swaby and 
Ladd, it was further proposed (MacCarthy and 
Riccj 1.991) that HS, because of their structural 
hcturogerjeity, cannot serve as a template to guide 
the evolution of an organism widi the <ibi]it>^ to 
rapidly break, down t]ie iv.iatcr.ia] in the. future. 
Thus, according to the Second iVinciple, the mol- 
eatliirhetewgem'ty iuhmnt in inmnc substances renders 
the humk imterial k{ih}y rejractoq'j thereby serving a 
key role in the mrth's ecob^icd sy statu This refrac- 
tory riature corjfcrs a degree of environmental 
persistence on HS that is lacking in discrete bio- 
nioiecules. Other refractory mafceriais in nature 
lack the pronounced chetnical reacdvity exhibited 
by HS and. consequently, would, not sufHce in 
place of H$ in the environment. 

Several external factors have been proposed 
as contributing to the resistance of US to break- 
down by nncroorganisms. These factors iiicliKie 
concealment of the humic material within cavi- 
ties of a solid tnatrix that are too small to adniit 
niicroorgiuiisms, sorption of the HS on mineral 
surfaces, and complexation with metal iom 
(Swaby, 1968; Stevenson. 1982), Whereas such 
factors would also contribute to the preservation 
of discrete biopolymers such as proteins, the re- 
fractory nature of HS extends beyond what can 
be explained by those external in6uences and is 
manifested in the absence of any such external ef- 
fects (Swaby and Ladd, 1 962) , 

The molecular heterogeneity that is cbarac^ 
teristic of HS serves a vital role in the ecological 
system, Huniic substaj^ces constitute the only 
natural organic material that can survive in bulk 
and still possess the requisite chemdcal reactivity 
to perform the various functions for sustaining 
soil quality and promotijig plant growth. In satis- 
fying the need in soils for a persistent material ca- 
pable of performing a number of functions nee- 
essary for plant growth, nature has adopted a 
simple and elegant solution whereby plants bene- 
fit vitally from the ubiquitous, imntediately sur- 
rounding organic medium resulting from the de- 
cay of the plants' predecessors. By virtue of its 
molecular heterogeneity, this medium is highly 
biorefractory, but it still possesses the reactive 
funcdonai groups needed to perform ecologically 
and envimnnientaliy vital tasks. The molecular 
heterogeneity residing within HS fiilfiJls an eco- 
logical need in a unique way. 

A NEW imADIGM FOR STUDYING 
HUMIC SUBSTANCES 

The inability to purify FIS, the limitations of 
die molecular structure concept as applied to HS, 



and the subtlety of interpreting data from exper- 
jujental measut^nients have all contribnted to a 
bewilderment surrounding diese materials. The 
confusion results fi'om. attempting to view HS 
fi om the same perspective as other classes of nat- 
ural materials tliat are molccularly ordered, ho- 
mogeneous or relatively homogeneous, and puri- 
fiable into discrete compounds. An acceptance of 
tlie principles presented herein causes the fog 
surrounding the understanding of HS to Iift» and 
the features that previotjsly seemed hazy now be- 
come quite clear. In fact, deviations from the ac- 
tual observed behavior would now be considered 
a source of confusion! Accordingly* what is prin-- 
cipally required for a iiJrjdamental understanding 
of I -IS are not just advances in separation tech- 
niques, instrumental methods, chemical degrada- 
tion approaches J computational methods, or new 
methods of analysis butj rather, the acceptance of 
HS for what they really arc, as embodied in the 
principles presented herein. In this approach, HS 
arc consistently treated as supern^ixtures» and we 
are relegated to using crude pscudostructuces in 
m attempt to communicate about the properties 
and interactioiis of these materials. An tmder- 
standirtg of HS requires us to step away fi:om the 
comfort of our normal chemical logic, where 
concepts of stoichionieay, discrete molecular 
structure, and puirity prevail, and enter a more un- 
certain and challenging space that imposes con- 
straints on our chemical reasoning and where the 
obvious is freqaendy far from evident! 
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MOLECULAR WEIGHT AND SHAPE OF HUMIC ACID 
FROM SEDIMENTATION AND DIFFUSION 
MEASUREMENTS ON FRACTIONATED EXTRACTS 

R, S. CAMERON, B. K, THORNTON, R. SWIFT,^ 
AND A. M. POSNER 

{Department 4>f Soil Science and Plant Nutrition, Institute of Agriculture^ 
University of Western Australia, NEDLANDS, W.A 6oop.) 

Summary 

Whole humtc acid extracts are usually too polydisperse for reliable molecular- 
weight measurement to be made in the ultracentnfuge by the sedimentation 
velocity technique. Consequently, the humic acid used in this study was frac- 
ticmated with respect to molecular weight into fractions of low polydi&persity 
by extensive me of gel-permeation chromatography and other fractionation 
techniques^ 

The sedimentation and diffusion coelRcients of the fractions were determined 
and molecular-weight values calculated. These values ranged approximately 
from z X io» to 1*5 X lo^, the higher figure not necessarily representing the upper 
limit for these substances. 

On the basis of the fictional parameters calculated from the experimental 
data, it is proposed that the molecule adopts the solution conformation of a 
randomly coiled polymer in which branching may be significant^ particularly at 
higher molecular weights. 

Introduction 

Accurate information on the molecular size and shai)e of humic acid 
would complement our present knowledge of its chemical and physical 
properties and aid our ability to understand its functions in the soil 
The lack of really definitive values for the molecular weight of humic 
acids can largely be attributed to the extremely polydisperse nature of 
these substances. It is generally accepted (Dubach and Mehta, 1963) 
that humic substances extracted from surface soils have molecular 
weight values ranging widely from approximately one thousand to 
several hundred thousands with variously reported mean values of three 
to fifty thousands. In such a system, however, mean molecular weights 
are of limited value and the molecular-weight dfetribution is of more 
practical interest. 

Several studies have been reported (Stevenson et aly 1953; Piret 
€t ah, i960; Flaig and Beutelspacher, 1968) in which the analytical 
ultracentrifuge has been used to determine the molecular weights of 
humic acids, and in each case the sedimentation velocity technique 
was employed. In the application of this technique^ however, the m- 
nate properti^ of humic acid present several problems which must be 
overcome. These problems arise from the intense colour of humic acid 
solutions, its highly charged polyelectrolyte nature and its extreme 

' Present address: c/o Radiological Protection Service, Manchester University^ 
327 Oxford Road, Manchester Mt3 $PL, England. 
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polydispersity. The effects of colour and charge can be overcome by 
suitabJe manipulation of the experimental operating conditions, but up 
to now no attempts have been made to solve the jjroblems presented by 
polydispersity when measuring the molecular weight of humic acid by 
ultracentrifugation. 

In the work presented here, humic acid extracts have been extensively 
fractionated on the basis of molecular size by means of gel-permeation 
chromatoeraphy into a series of fractions or varying molecular weight 
and greatly reduced polydispersity* The sedimentation velocities and 
diffusion coefficients of these fractions have been determined and their 
molecular weights and fractional properties have been computed. In 
this way, the molecular weight range, rather than a mean value, has 
been detennined and information has also been obtained concerning 
the conformation of the humic acid molecule in solution. 

Experimental 

The soil used in this study was a highly humified organic muck soil 
(45 per cent organic matter) under natural lakeside vegetation sampled 
to a depth of 7*5 cm. 

Extraction 

The soil was extracted sequentially, in the absence of air, with o-iM 
sodium pyrophosphate, o-5M NaOli {zo "^C), and 0'5M NaOH (60 **C) 
using procedures described in greater detad elsewhere (Posner, 1966; 
Posner et al, 1968). The humic acids were recovered by precipitation 
with H2S04 at pH. 1 and purified by redissolving at pH 7 by the ad- 
dition of NaOH, centrifuging to remove insoluble materials, repredpitat- 
ing at pH i and removal of the supernatant liq^uid. After repeating this 
process several times the humic acid precipitates were thoroughly 
dialyzed before freeze-drying. In this way samjples low in organic and 
inorganic impurities (0*1-2 0 per cent) are obtamed (Posner, 1966). 

Molecular Weight Fractionation 

First Stage. The majority of the fractions used were derived from the 
20 X NaOH extract. They were obtained by fractionation of the 
extract on a large, preparative, 12 per cent agar gel column (48 x 14 cm) 
(Swift €f aly 1970). The crude humic acid {12 g) was converted to the 
ammonium salt by dissolving in NH4OH and freeze-drying the solution* 
The salt was divided into she equal portions, each of which was dissolved 
in 150 mi of a carbonate/bicarbonate buffer (o*02M NaHC03+0-05M 
KCl+O'ooiM EDTA; pH 8-5, ionic strength = 0-08)* The column 
was packed in and elutea with the same buffer and the retained coloured 
material was collected as 50-60 X200 ml fractions. The chromatograms 

Siven by the six separate runs, obtained by monitoring the optical 
ensity of the eluate at 400 nm, were superimposed and corresponding 
fractions were pooled. Selected pooled fractions, adjacent to each other 
along the chromatographic spectrum, were further combined to yield 
seven crude batches which together rei)resented much of the range of 
molecular weights occupied by the original 20 °C NaOH extract. The 
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humic acid was precipitated from each batch by acidification to pH 
and the resulting precipitate repeatedly washed till salt free, centriniging 
after each wash in a Beckman Model hz preparative ultracentrifu^ at 
about 150,000 gravity units to avoid losses due to dispersion. The 
precipitate was dissolved in tris buffer A (414 ml M tris+50 ml M HC1)/1, 
pH 9-0, ionic strength = 0*05 to make a solution of concentration of not 
more than 40 g/l Here *trls' stands for 2-amino-2 (hydroxymethyl)- 
propane^Zy^-dioL 

In addition to the seven different batches obtained as described 
above, two additional crude fractions, one high and one low molecular 
weight, were prepared by different procedures from the other humic 
acid extracts. This enabled an assessment to be made of the feasibility 
of other methods of fractionation on the basis of gross molecular weight 
and extended the study to humic acids extracted by other reagents. 

The low molecular-weight fraction was obtained from the sodium 
pyrophosphate extract by using a membrane filter with a low molecular- 
weight cut'-ofL An aqueous solution of the ammonium salt of the humic 
acid (2 g in 100 ml) was ultra-filtered (5 x 50 per cent volume reductions) 
through a Diaflow XM-50 membrane ^nominal molecular-weight cut- 
off 50,000). The solution of low moiecular-weight material passing 
through the membrane (approx. 07 g) was concentrated by evaporation 
under reduced pressure and made up to the strength of tris buffer A 
before proceeding to the next stage of the fractionation. 

The high moiecular-weight fraction was obtained from the 60 ''C 
NaOH extract by means of preparative ultracentrifugation^ An aqueous 
solution of the ammonium salt of the humic acid (2 g in xoo ml) was 
subjected to 150,000 gravity units for 6-5 h in a Beckman Model L2 
preparative ultracentnfuge. The sediment (approx. 0-8 g) was re- 
dispersed in tris buffer A before further fractionation. The reduction 
in polydispersity obtained by these two procedures was less than that 
achieved using the agar column but the effort involved was correspond*- 
ingly lower. 

Second Stage. The various fractions obtained as described above 
required additional fractionation before they could be used satisfactorily 
in the analytical ultracentrifuge. The general procedure adopted for 
further reductions of sample polydispersity was as follows* 

The seven pooled fractions obtained from the large agar colunin were 
applied as 10 ml of solutions, containing up to 0 4g humic acid (from 
optical density measurements), to a Sc5>haro8e oB (Pharmacia Fine 
Chemicals, Uppsala^ g^J column (61 xao cm) that was racked in and 
eluted with tris buffer A. The retained material was collected as 5 ml 
fractions and a chromatogram determined by recording the optical 
density at 400 nm. The central portion of the peak was cut at a width 
equal to the base width of a haemoglobin peak, recovered by precipita- 
tion at pH I, then redissolved in tris buffer and re-applied to the same 
column. The tail portions of the j>eak were generally discarded. The 
process was repeated three or four times, at which stage the peak widths 
of only the low molecular-weight batches had approached that for a 
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monodisperse protein (haemoglobin). Nevertheless, the final refractiona- 
tion hacf, in all seven cases, achieved only slight reduction in jpeak 
width. Considering both this and the rapidly diminishing yield irom 
the high molecular-weight batches, further rennin^ was considered un- 
economic* The central portions of the seven final peaks were labelled 
Bi to By, in order of their subsequently determined molecular weights. 
Each was precipitated at pH r and redissolved in tris buffer B [(414 ml m 
tris+70 ml M HCl)/l, pH S z, ionic strength = 0*07] to give solutions 
of about 2-5 g/I, 
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Fio» I* Flow chart illustrating the preparatian of refined humic acid fractions. 

The success of the first few refractionations in rmrrowinj^ the K^^ 
distributions of the peaks contrasted with the insensitivity of the 
fractions to further refractionation, indicating that although tris buffer 
greatly reduced ge!/solute interaction with Sepharose gels, as proposed 
by Swift and Posner (1971), it did not completely efiminate it. The 
dispersion in final peak-retention volumes was therefore probably due 
at least as much to dispersion by gd/solute interaction as to poly- 
dispersity* 

The two fractions obtained by preparative ultracentrifugation and 
membrane ultrafiltration were treated m a similar way except that the 
high molecular-weight material was fractionated on a Sepharose 4B 
column. Since these two fractions were quite polydisperse, a larger 
number of column runs was required before suitably narrow peaks were 
obtained. Two cuts on either side of the centre were taken from the 
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final peaks of both the low molecular-weight material (Ai and Az) and 
the high molecular*weight material (Ci and C2)* The differing molecu- 
lar weights ultimately found for each pair of off-centre cuts indicated 
considerable residual polydispersity in the peaks. 

Retention volumes of all tne refined fractions (Ai^ A2, Ci, 
C2) were determined on various gel-chromatography media and appear 
in a later paper in this Journal (Cameron et al.^ 1972)- 

All samples derived from the second stage of this fractionation 
procedure were found to be suitable for use in the ultracentrifuge. 

Fig, I summarizes the extraction and fractionation procedures 
described above. 

Preparation of samples for ultracentrifugatim and diffusion measurements 

Before determining the sedimentation or diffusion coefficients of the 
fractionated humic acid samples, they were equilibrated with the buffer 
by dialysis* Sample (i-^ ml) at the desired concentration (from optical 
density measurements), m tns buffer B, were placed in Visking dialysis 
tubing and dtalysed against 50 ml of the same buffer for 24-48 h* These 
external and internal solutions were used for the experimental determi- 
nations* When the lowest molecular-weight fractions were being pro* 
cessed dialysis was not possible but care was taken to mdntain ^ual 
buffer concentrations* Microbial growth was minimi^ed by performing 
disdysis at 4 ^'C and by passing humic acid solutions through a mUlipore 
filter immediatehr prior to the sedimentation and dif^ion experiments 
which were conducted at 20 ^'C* 

Ultracenfrifugation 

Sedimentation coefficients were determined using a Spinco Model E 
ultracentrifuge fitted with Schlieren optics for measurement of con* 
centration gradients. The synthetic boundary technique was employed 
using a 4*^, 12 mm synthetic boundary cell containing 0 4 ml of humic 
acid solution overlain by 0 2 ml of tris buffer B (equiubrium dialyzate). 
Because of the low concentrations of humic acid used> it was considered 
that ionic strength was sufficiently high for charge effects to be neglected. 
Failure to suppress charge effects leads to an increased rate of Schlieren- 
peak spreading, due to intermolecular charge repulsion, and the creation 
of an electric field opposing sedimentation, due to^ the different sedi- 
mentation rates of macromolecules and counterions. Humic acid 
concentrations were generally 1-2 g/I but varied in some runs between 
0 6 g/l (below which the Schlieren peak became ill-defined) and 2*4 g/1 
(above which the light transmission was too low). Illumination was by 
means of a mercury lamp fitted with a filter to remove all but the red 
light and photographs were recorded on 35 mm Kodak 2475 recording 
film (1000 ASA). Exposures of 4 sec were made at intervals of z or 
4 min over total run tmies of 20-40 min. A rotor speed of 5^ 780 rpm» 
was used for all but the very high molecular-weight fracUons when 
a speed of 29 500 rpm* was employed. The movement of the Schlieren* 
peak maxima with time was measured by projection of the photographs 
on to graph paper. 
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The sedimentation coefficients calculated from these measurements 
increasingly underestimated the peak-median values, as profiles became 
more positively skewed with higher sample molecular weights. This 
was thought to be partly because higher molecular-weight fractions 
were more polydisperse, and partly because their Schlieren patterns 
were far less influenced by the diflFusion effects which oppose positive 
skew in low molecular-weight profiles. 

Diffusion masurements 

Diffusion coefficients were detentnined by a modified free boundary 
method developed especially for the conditions encountered in this 
work and utilizing in particular the intense colour of the humic acid 
solutions. A sharp boundary was formed by carefully layering clear 
buffer on to dilute humic acid solution (approx. 0*1 g/1) in vertical, 
narrow bore (3 mm diam*) glass tubes using a small syringe. The forma* 
tion of a sharp boundary was facilitated by having 30 per cent DgO in 
the lower layer. The D^O was added to aid the initial formation of 
a sharp boundary and to provide a density gradient within the tube 
capable of stabilizing the system against disruptive thermal effects 
which are Ukely to occur in experiments lasting several days^ particularly 
for higher molecular-weight fractions* A smml viscosity correction was 
made to allow for the slightly reduced diffusion rate in the presence of 
the DgO gradient. 

Measurements were made at approximately 20 and the concentra- 
tion of the diffusing humic acid was monitored by scanning the trans- 
mission of light throughout the length of the tube at various intervals 
of time using a Densicord scanning densitometer fitted with a blue light 
filter. The calculation of the diffusion coefficient from the interquaitile 
distance on the concentration gradient was shown numerically to yield 
approximately a weight-median value for a polydisperse system. 
Usually, several replicate were examined simultaneously. The method 
is more accurate than that in which diffusion values are determined in 
the ultracentrifuge at low speeds by measuring the rate of broadening of 
the Schlieren peak. The latter was found to be unsuitable for a substance 
which is not completely monodisperse. Fuller details of the method will 
be published elsewhere* 

Partial Specific Volume 

Two samples having similar mean molecular weights (around 100,000) 
were examined. One was the high molecular-weight material retained 
after ultrafiltration of the pyrojshosphate extracted material and the 
other was the low molecuiar-weight material (supernatant) remaining 
after ultracentrifugation of the 6o*'C NaOH extract^ the smallest 
molecules being removed by dialysis. The tris salt of each was prepared 
and duplicate solutions of known concentration in tris buffer B made 
up. Using a normal pycnometer method, partial specific volumes of 
tris humate were determined by diluting the samples with the same 
buffer through the concentration range 25 to o g/L 
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Calculations 

The various parameters were calculated from the following relation- 
ships: 

Sedimentation coefficients * ;;;b > 

where x distance of the Schlieren peak maximum from axis of rota- 
tion, <t> ^ angular velocity and t ^ time. This value was adjusted to 
standard conditions (water at 20 **C) using: 

■^20 z r» 

where = viscosity, v ^ partial specific volume^ p — density, T = 
temperature. The buffer viscosity was found to equal that of water. 

Diffusion coefficients D - 5:22^^, 

where d is the distance between points taken at z< per cent and 75 per 
cent of the concentration gradient. Diffusion values were corrected to 
standard conditions (water at 20 *C) using: 



Partial specific vohme {P) 



(l-V/>) 



x^W em 



m 'dW 

where P is the partial specific volume of the humic acid, p the density of 
the solution, m the mass of the pycnometer contents and W the weight 
fraction of humic acid. 

Molecular weight 

RTs 

M^^j— (Svedberg equation) 
where i? = gas constant* 
Intrinsic frictional coefficient 

where / = frictional coefficient and k = Boltzmann constant. 

Frictumalr^ JL(^.(£i;^)\* -L^, 

/mm 3'?\9^^ V f sW^ 

where /min is the frictional coefficient that the same molecule would 
have if condensed to a solid sphere. 

Results and discussion 

Ideally sedimentation velocity should be determined by extrapolation 
to zero concentration or by working at very low solute levels. The 
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latter is feasible for humic acid if UV-absorption optics are available, 
but the Schlieren optical system imposes its own, somewhat higher, 
concentration liniit. Even so, it is thought that the solutions used here 
were sufficiently dilute to be near ideal behaviour. In addition it has 
been reported that humic acid sedimentation velocities are largely 
independent of concentration (Piret et al, i960; Stevenson et al, 1953)* 

Charge interactions were mmimi^ed by working at a reasonably high 
ionic strength. Experiments i)erformed with polyelectrolytes without 
suppression of charge effects give misleadingly high diffusion ratt^ and 
low sedimentation velocities and such results do not give valid molecular 
weights. Secondary salt effects (Pedersen, 1958) and specific binding of 
counter ions (Huizenga et al, 1950/2, b) can mfluence the molecular 
weight obtained but these effects are estimated to be small. 

The most difficult problem in the study of humic acid by ultra- 
centrifugation is presented by its polydispersity (Flaig and Beutel- 
spacher, 1968; Stevenson et at, ^953)- This characteristic impairs the 
formation of a well defined, sedimentine concentration boundary 
because the multifariously sized species will be sedimenting at different 
velocities. Such polydisperse systems give rise to highly asymmetric 
Schlieren patterns. Measurements made from the maximum of this 
curve would give a sedimentation coefficient which is not representative 
of the whole sample* If mean molecular-weight values are required for 
polydisperse extracts, a better way of obtaining them would be by the 
use of the sedimentation equilibrium technique rather than the sedi- 
mentation velocity technique ^Posner and Creeth, 1972)- The equi- 
librium technique requires a higher standard of machine performance, 
more sophisticated optics, and considerably longer running times than 
the sedimentation velocity technique. 

Preliminary ultracentnfugation experiments with whole humic acid 
extracts quickly established that, because of their high degree of poly- 
dispersity, a Schlieren peak could not be maintained for any reasonable 
length of time despite the use of the synthetic boundary technique. 
In tJie first stage of the fractionation procedure, using preparative 
gelpermeation chromatography, a single extract was subdivicled into 
approximately 50 fractions. Several of these, selected to cover the whole 
molecular-weight range, were again examined in the ultracentrifuge. 
Despite the large reduction in the molecular- weight spread of these 
fractions, giving some improvement in Schlieren-peak stability, their 
polydispersity was still too great for satisfactory use in the ultracentri- 
tuge. Consequently, these first-stage fractions were further separated 
in a second stage by repeated gel-permeation chromatography with 
column and collection parameters chosen so as to improve resolution. 
In addition, the system was chosen so ^ to be as free as possible from 
gel/solute interactions (Swift and Posner, 1971) which interfere with 
molecular-weight fractionation. 

The extent of narrowing of the elution peak obtained at various 
stages of the fractionation compared with the original extract is iliustra- 
ted in Fig. 2. Because of peak spreading effects, the reduction in poly- 
dispersity is much greater than might be deduced by comparing the 
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widths of the final peaks with those obtained from earlier stages of the 
fractionation. 

The final samples obtained by this process were found to be very 
satisfactory for use in the ultracentrifuge. Even so, they are still far 
from being monodisperse; the sedimentmg Schlieren j«ak broadenii^ 




Fig, 2* Stages of refinement of two typical crude fractions obtained after eluting a 
whole humic acid extract on a preparative agar column. Each crude fraction was 
eluted on Sepharose 6B (— ), and a central cut of width equal to the peak base 
width of haemoglobin was taken (i,e. the material between the solid vertical lines), 
lliis was rc-run and again re-cut at the same position, the process being repeated 

3^-4 times. The £nal peaks obtained { ) were cut at the width shown by dotted 

vertical lines, the central portions becoming the refined fractions used in the ultra- 
centrifugation and diffusion experiments. The chromatogram of the whole parent 

extract on Sepharose 6B ( } is included to illustrate the distribution of material 

prior to fractionation on agar. 

more quickly than would a monodisperse protein with a similar diffusion 
coefficient In the light of these and other observations (Flaig and 
Beutelspacher, 1968; Stevenson et al, 1953) the very stable peaks 
recorded by Piret et al (i960) for a whok sodium hydroxide extract are 
remarkable. 

Accurate diffusion coefficients are as important as sedimentation 
coefficients in the determination of reliable molecular weights. Gross 
polydispersity also adversely affects the determination of meaningful 
diffusion coefficients due to the different diffusion rates of the variously 
siated species. The measurements made on the fractionated samples 
should therefore be more useful than those previously reported. 
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Molecular Weights 

Selected samples, representing the whole molecular-weight spectrum 
of humic acid, were taken and their sedimentation and diffusion co* 
efficients in tris buffer determined. From these values and the partial 
specific volume, the corresponding molecular-weight values were calcu- 
lated. Molecular weights derived in this way necessarily rejpresent the 
aggregate molecular weights of all solute travelling within the domains 
of individual humate polyanions, i.e. they Include a fraction of the 
protonated tris counterions (Hutzenga et al^^ 1950a, b). 
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• Sedimencatton coeSciejits obtained by 3 least squares linear fit had typical standard errors of 

4 per cent for lower molecular-weight fractions, decreasing to 2 percent at higher molecular weights. 

Mean difFudion coefficients, obtained from 4 to 8 replicate runs» bad standard ctrors faenmn 1 to 

5 per cent. Solution concentrations were approximately o-i g/1. 



In this work, the partial specific volume used in calculations was takea 
as 0-65 cc/g. This was the mean of the experimental values of 0 63 cc/e 
(sodium pyrophosphate extract) and 0 67 cc/g (60 ""C NaOH extract) 
for tris humate* The most meaningful partial specific volume would lie 
somewhere between the one used and that of tne humate anion which 
was about 0-02 cc/g lower (assuming protonated tris constitutes 25 per 
cent wt, of tris humate and has v = 0-713 cc/g). Previously Stevenson 
et al, (1953) and Piret et at (1^60) have reported values of o 67 cc/g and 
071 cc/g respectively for humic acid. Posner and Creeth (1972) report 
a value of 0-04. 

Calculated molecular weights probably understated weight-median 
molecular weights by a proportion which increased with their values. 
As noted in the experimental section, while diffusion coefficients re- 
presented the weigWmedian species for all samples, the measured 
sedimentation coefficients increasingly underestimated weight-median 
values for samples of higher molecular weight. This effect is considered 
to be relatively small (Cameron et al, igyz). 

The results obtained are shown in Table i. The molecular-weight 
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values cover an extremely wide range^ extending numerically from 
approximately 2-6 X lo^ to i -4 x 10^* These findings supply more definite 
evidence for what has previously been inferred irom gel-chroma- 
tography data concerning the humic acid molecular-weight range. The 
upper value is much higher than is usually quoted and there isUttle reason 
to assume that this is the real upper limit but rather a limit imposed bv 
the difficulty in fractionating larger molecules on Sepharose columns, if 
this were overcome, solubility considerations and the extraction methods 
used would impose a further limit* The most abundant portion of the 
molecular- weignt distribution of the cold NaOH extract occurs at a 
molecular- weight value of around 100,000 and the distribution is prob- 
ably unimodai with an extended high molecular-weight taiL 

Molecular Conformation 

In general, the shape and behaviour of a polymer in solution can be 
approximated by one of several possible models (Tanford^ 1:961), The 
relationships between the frictional ratio (flfmiid and molecular weight 
(M) for several common models are as follows: 

(i) Solid hard sphere (i.e. no solvent trapped within the sphere) then, 



and is independent of molecular weight, 
(ii) Hard oblate spheroid (approximating to a roughly circular flat 
plate). If the mean molecular mass per unit area is assumed to 
be independent of molecular weighty then for high molecular 
weights and axial ratios a/b > 50, 



(at lower axial ratios the value of f/fnMn 1^ greater than that 
predicted by the above relationship). The relationship is un- 
affected by varying solvation, 
(iii) Hard prolate spheroid (approximating to a stiff rod-shaped 
helical coil). It the mean molecular mass ]^er imit length is 
assumed to be independent of M and the axial ratio ajb > 50, 
then r 



predicted by the above relationship): The relationship is un- 
affected by varying solvation, 
(iv) Flexible random coiL In the treatment used here, the frictional 
properties are considered to arise from a series of Stokes' spheres 
placed eauidistantly along the molecular chain (Pearl necklace 
model* ot Kirkw<K)d and Riseman, 1958)* 

' The pearl necklace concept h a convenient device for ascribing frictional properties 
to a random coil and should not be thought of as representing the actual micro- 
stmcture of the molecule. 



by definition, 




/ 
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At high molecular weights the random-coil pearl necklace model 
predicts f 

/mitt 

assuming chemically similar linear polymers under theta solvent 
conditions.^ The relationship is found to hold for lower molecu- 
lar weights (down to io») than assumed in its derivation (Cowie 
and Bywater, 1970). 




io« 10* to» 

Molecular weight 

Fig. 3. Experimental relationship between th« frictional ratio and molecular weight 
of humic acid compared to a theoretical curve for linear random cotl$ under theta 
solvent conditions. 

Experimentally determined values of ///^^t^ and M for the various 
humic acid fractions have been plotted against each other in Fi§, 3, For 
all but the highest molecular-weight samples, log f/f^ij^ mcreases 
linearly with lo^ M, the experimental data for samples Ai, A2, B1-B6 
agreeing approximately with the expression 



fmin 



0-30 M*. 



Samples B7, Ci and Cz had values about 20 per cent below those 
necessary for a continued linear fit. 

The relationship observed for the first eight points is predicted by 
both models (it) and (iv). However^ the hard oblate spheroids (or flat 

I A theta solvent is one in which the forces tending to expand the molecute beyond 
its random flight conformation (i.e, volume exclusion effects and solvent-polymer 
attractions) are exactly cancelled by the forces tending to contract the molecule 
(polymer-polymer attraction). It is believed that such conditions may be approxt* 
mated in our experiments. 
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sheets of unifonn thickness), favoured by Piret et ah (i960), seem intui- 
tively unlikely for the heterogeneous, relatively highiy-charged humic 
acid molecules. The random-coil model is a more acceptable structure 
considering the chemical nature and mode of formation of humic acid* 
If the random coils were branched rather than linear, the above relation- 
ship would still apply provided that the mean number of branches per 
molecule did not vary with molecular weight* 

Trends in chemical composition with molecular weight appear to be 
the rule for humic acid. Chemlcai analyses by Swift and Posner (107^) 
on a fractionated 20 ''C NaOH extract sincular to the one considered here 
show that although sulphur and non-amino nitrogen contents remain 
fairly constant at 1-5 per cent and per cent respectively, amino 
nitrogen and phosphorus contents rise from about 0-8 per cent and 
0'02 per cent for sample Bi to i 6 per cent and 0-05 per cent for samples 
B6 and B7. Regardless of the way in which chemical structure (and, 
presumably, physical microstructure) varies with molecular weight, 
the only requirement for Vandom flight' behaviour is that the *eguiva- 
lent freely jointed chains' proposed by Kuhn and described by Fiory 
{1953) and Tanford (1961) should have 'statistical segments* of constant 
mass squared to root mean square length ratio. 

Either non-theta conditions (due to msufficiently high ionic strength), 
or the suspected increase in polydispersity at higher molecular weights, 
would have favoured the experimental //fnaj, varying according to a 
somewhat higher power of M than 4- That this was not the case may 
mean that these effects were unimportant or, alternatively^ that they were 
offset, either by an increasing mass squared to root mean square length 
ratio for the ^statistical segments*, or by greater numbers of branched 
sites in large molecules. The latter possibilities may also account for the 
levelling of fjf^^^ values for the higher molecular-weight samples* 

The random-coil model with the possibility of branching, particularly 
at higher molecular weights, not only accounts for the observed relation- 
ship throughout the molecular-weight range but also is an acceptable 
structure when the chemical nature and mode of formation of humic 
acid are taken into consideration. 

If this theory is correct then the humic acid molecule in solution 
might be visualized as a series of charged, occasionally branching 
strands. The strands coil and wind randomly with respect to both 
space and time so that the mean distribution of molecular mass is 
spherical and Gaussian about the centre. Branching results in increased 
coil density within the molecule giving rise to more compact spheres 
than for a linear molecule of equivalent molecular weight. The structure 
is perfused with solvent molecules which are able to exchange with bulk- 
sohrent molecules. At the higher molecular weights, however, the 
solvent, whilst flowing freely through the periphery of the sphere, would 
be effectively trapped in the central regions. 

By applying the pearl necklace concept to random coils, Kirkwood 
and Riseman (1948) have shown that the molecules exhibit the frictional 
properties of an equivTStlent hydrodynamic sphere of radius R^, At high 
molecular weights 0-665 where Rq is the radius of gyration 



MOLECULAR WEIGHT AND SHAPE OF HUMIC ACID 407 

(i*e- the root mean square average of the distance of mass units from the 
centre of gravity). It can be shown from the relationships given by Flory 
(1953) and Tanford (^961) that 

R 

and ^^JMI^Clr^ 
M* 0665 X 67717 

(N = Avogadro's No*) 

For linear polymer species in random flight conformation (i.e. under 
theta solvent conditionsj oc and therefore R^lM^ is a constant for 
the species* For a branched molecule Rq and RJM^ will be decreased 
by an amount related to the degree of branching (Zimm and Stockmayer, 
1949), 

The values of Rq and RojM^ derived from the experimental data 
{Table i) deviate from linearity at high molecular weights in the same 
my that the flfmn valu^ did* The value of Rq}M^ was approximately 
constant for the first eight fractions (mean = 2*9x10"® cm). This 
parameter allows simple calculation of the approximate diameter of 
numic acid molecules of a given molecular weight. Some idea of 
molecular size is given by doirt>iing the Rq values in Table i. 
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